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ABSTRACT 
 
Bautista,  Melissa  A.  M.S.,  Department  of  Neuroscience,  Cell  Biology  & 
Physiology, Wright State University, 2008. 
Ultrastructural  Analysis  of  Excitatory  and  Inhibitory  Synapses  within  the 
Medial Nucleus  of  the Trapezoid Body of Normal Hearing  and Congenitally 
Deaf Mice. 
 
 
 
 
  The  auditory  brainstem  has  been  the  area  of  much  focus  in  recent 
years  due  to  its  advantages  in  circuitry  and  synaptic  connections.  The 
endbulbs  and  calyces  of  Held  are  large,  glutamatergic  synapses within  the 
AVCN  and MNTB,  respectively.  Because  of  their  large  size  and  accessibility 
these  synapses  have  offered  the  ability  to  study  pre‐  and  post‐synaptic 
mechanisms  of  neurotransmission  within  the  central  nervous  system.  The 
calyx of Held  synapse  is  the main excitatory  input  into  the MNTB principal 
cells,  containing  hundreds  of  individual  synaptic  specializations,  or  release 
sites.  Previous  studies  have  identified  physiological  and  morphological 
changes  at  the  endbulb  of Held  synapse but  not  the  calyx  of Held  synapse. 
However, changes in inhibitory innervation at the MNTB were observed as a 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result  of  altered  input.  In  this  study  we  have  utilized  the  calyx  of  Held 
synapse,  apposing  inhibitory  terminals  within  the  MNTB  of  CBA/J  and 
congenitally  deaf  mice  (dn/dn)  to  examine  the  role  of  altered  input  on 
synaptic strength. The dn/dn strain is of particular importance because they 
exhibit no spontaneous activity within the VIIIth nerve fiber, lending itself as 
a  valuable  model  in  the  altered  input  studies,  particularly  an  absence  of 
afferent input. Serial electron microscopic analysis of the fine structure of the 
calyx  of  Held  and  inhibitory  contacts  onto  the  MNTB  principal  cells  were 
compared  between  normal  and  deaf.  Strikingly,  the  calyceal  active  zones 
within  the  adult  deaf  animals  were  significantly  larger  compared  with 
normal hearing animals despite the fact there were no changes in excitatory 
currents.   Examination of the inhibitory terminals confirmed the increase in 
mIPSC frequency manifested in an increase in inhibitory synapses expressed 
on the MNTB principal cells. 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I. Introduction 
  Synaptic  strength  is  modulated  by  a  variety  of  activity‐dependant 
mechanisms  throughout  development.  In  this  study  the  structure  and  function  of 
excitatory  and  inhibitory  synapses  in  the  auditory  brainstem  nuclei  (MNTB)  in 
normal  and  congenitally deaf mice will  be  compared.  From birth,  the  congenitally 
deaf  mouse  model  (deafness,  dn/dn)  has  dysfunctional  hair  cells  with  no 
spontaneous auditory nerve activity, which makes this model useful to study altered 
neural activity. By studying normal CBA controls against  the dn/dn mutant mouse 
model,  the  affects  of  normal  and  altered  neural  activity  can  be  evaluated.  The 
auditory  brainstem  is  a  practical  model  to  study  synaptic  transmission  since  the 
circuitry  is direct and more accessible  compared  to other CNS pathways. Neurons 
within  the  AVCN  and  MNTB  have  round  cell  bodies  that  lack  an  extensive  and 
complex dendritic tree eliminating dendritic filtering. The calyx of Held is the main 
excitatory input into the MNTB cells from the globular bushy cells of the AVCN. The 
calyx  of  Held’s  large  size  allows  for  direct  presynaptic  recordings  as  well  as 
anatomical  localization  without  the  use  of  immunohistochemical  staining,  since 
there is a single calyx of Held innervating an MNTB principle cell. The MNTB nuclei 
exhibit  tonotopic  organization where  high  frequencies  are  localized  to  the medial 
portion  and  lower  frequencies  laterally.  Previously,  brainstem slices were used  to 
record  the  synaptic  currents  in  order  to  obtain  functional  characteristics. 
Immunohistochemical studies  for  light,  confocal and electron microscopy are used 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to investigate the structural characteristics. It has been shown that altered activity 
during development  influences  the structure and  function of  synapses,  specifically 
transmitter  release  probability,  distribution  of  receptors  and  expression  of  ion 
channels within the auditory brainstem (Oleskevich and Walmsley 2002, Oleskevich 
et al. 2004, Leao et al. 2004, Leao et al. 2006, Youssoufian et al. 2005, McKay and 
Oleskevich  2007,  Youssoufian  et  al.  2008).  The  following  specific  aims,  in 
collaboration with previous and concurrent electrophysiological studies, further our 
understanding  of  the  events  of  synaptic  transmission  and  integration.  Both 
functional groups, normal and deaf, are assessed in this study along with a detailed 
analysis of developmental influences on synaptology.  
  Interestingly,  previous  analyses  of  excitatory  and  inhibitory  synaptic 
connections in the MNTB revealed little difference in excitatory synaptic strength at 
the  calyx  of  Held  between  normal  and  deaf  mice,  whereas  the  frequency  of 
inhibitory  events  appeared  to  be  increased  in  deaf  mice  (Leao  et  al.  2004). 
Therefore,  in  line  with  our  overall  hypothesis  that  altered  activity  or  changes  in 
afferent input may influence synaptic structure, we expect to reveal ultrastructural 
differences in inhibitory but not excitatory synaptic terminals.  
 
Specific Aim 1: Structural analysis of synaptic contacts on MNTB principle cells 
in normal mice.  The most rigorous way to explore relationships between synaptic 
strength  and  structure  is  to  perform  a  detailed  ultrastructural  analysis  using 
electron microscopy that can reveal key aspects of synaptic structure including the 
nature  of  active  zones,  bouton  size  and  morphology,  and  vesicle  distribution. 
Anatomical  studies will  be performed on  fixed  tissue  in order  to visualize  cellular 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and subcellular architectures. Reconstruction of electron micrographs allows us to 
analyze  synapses  as  well  as  obtain  a  more  accurate  measurement  of  the  MNTB 
principle  cell  and  calyx  of  Held.  To  visualize  inhibitory  synapses  we  will 
immunolabel  the  MNTB  with  an  antibody  against  gephyrin,  a  scaffolding  protein 
associated  with  inhibitory  neurotransmitter  receptors.  Serial  reconstruction  of 
synapses will  allow us  to accurately define and quantify apposition  lengths,  areas, 
volumes of active zones and puncta adherentia.  
 
Specific Aim 2: Structural analysis and comparison to normal hearing mice of 
synaptic contacts on MNTB principle cells in congenitally deaf mice.  In this aim 
we  will  address,  quantitatively,  key  parameters  that  influence  synaptic  strength 
using  the congenitally deaf mouse model, dn/dn. Changes  in  response  to deafness 
may not necessarily be manifested as an alteration of volume or apposition area of 
the  calyx  of  Held.  Instead,  subtle  changes  such  as  release  probability,  vesicle 
recycling/reserve  pool  dynamics,  the  presence  of  mitochondrial‐associated 
adherens complexes, and distribution of non‐apposition areas and  the presence of 
interdigitation  all  contribute  to  synaptogensis  and  subsequent  synaptic  efficacy. 
Comparing  the occurrence of  these  structures between normal  and deaf mice will 
offer insight into changes associated with altered input. 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II. BACKGROUND AND SIGNIFICANCE 
The largest terminal in the nervous system, the calyx of Held1, has proved to 
be  a  useful  model  to  study  neurotransmission,  specifically  presynaptic  and  post‐
synaptic mechanisms and changes in response to altered input. Synaptic strength is 
modulated  by  afferent  activity.  Therefore,  examining  changes  and  alterations  in 
activity such as development and deafness is vital to the understanding of activity‐
dependant mechanisms underlying synaptic strength.  
Ultrastructural  analysis  of  synaptic  architectures  is  critical  to  the 
understanding  and  interpretation  of  the  mechanisms  of  neurotransmission. 
Electrophysiological  recordings  have  offered  insight  into  the  physiological 
properties of synaptic transmission, excitability and receptor expression of the post‐
synaptic  target.  Observing  the  anatomical  features  associated  with  functional 
physiology further enhances these studies giving us the ability to correlate structure 
and function.  
Neurotransmission,  the  process  of  chemical  neuronal  communication 
between  neurons  and  their  efferent  targets,  has  long  been  studied  using  the 
neuromuscular junction (NMJ) due to the anatomical and functional accessibility of 
motoneurons  and  their  effective  muscle  fibers.  In  the  1950s,  Bernard  Katz  and 
                                                        
1 Named after the German anatomist, Hans Held during the 19th century who studied the auditory 
pathways by Golgi staining techniques in cat tissue. 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colleagues  were  the  first  to  experimentally  demonstrate  physiological  properties, 
via  intracellular  recording,  of  the  NMJ  revealing  the  chemical  basis  for 
neurotransmission  and  subsequent  end  plate  potentials  (EPP)  mediated  by 
acetycholine (Ach) release (Fatt and Katz 1951). Intracellular recordings were later 
refined  by  Eccles,  who  recorded  from  motoneurons  in  response  to  dorsal  root 
stimulation  measuring  both  the  excitatory  postsynaptic  potentials  (EPSP)  and 
inhibitory postsynaptic potentials (IPSP). These landmark experiments serve as the 
framework for studies examining the mechanisms of synaptic transmission.  
 
A Model of Central Synaptic Transmission 
The NMJ  has  been  the  premiere model  for  synaptic  transmission,  but with 
advancements  in  experimental  techniques  synaptic  models  within  the  central 
nervous system have allowed for the exploration of central mechanisms of synaptic 
transmission  and  plasticity.  The  challenge  when  attempting  to  study  central 
neurons  is  the  intricate  innervation patterns of  the  circuits where multiple  inputs 
and  outputs  hinder  both  electrophysiological  recording  and  interpretation.  The 
neuromuscular junction offers the ability to test the properties of the motoneurons 
(input)  and  its  downstream  affect  at  the muscle  (output).  Examination  of  central 
neuronal  models  in  which  the  circuitry  can  be  clearly  defined  in  terms  of 
input/output  functionality  would  provide  a  basis  for  understanding 
neurotransmission  within  the  central  nervous  system.  Also,  by  studying  single 
synaptic  connections  within  the  central  nervous  system  subsequent  neuronal 
network  processing  question  can  be  answered.  Examination  of  the  fundamental 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units,  in  this  case  the  mode  of  communication  between  neurons  in  the  central 
nervous system, will lead to a global understanding of how the brain communicates 
in order to maintain homeostasis and drive basic behaviors.  
  The calyx of Held synapse within the auditory brainstem has been shown to 
be  a  desirable  model  for  synaptic  studies  due  to  the  ‘simplified’  circuitry  and 
structure  of  the  contact  onto  its  target,  the  MNTB  principal  cell  (Figure  1).  Its 
morphology  and  accessibility  have  enabled  simultaneous  pre‐  and  post‐synaptic 
patch  clamp  recordings  in  vitro  brainstem  slices  preparations  to  be  achieved 
(Forsythe  1994,  Borst  et  al.  1995,  Takahashi  et  al.  1996)  making  the  calyx  a 
premiere  model  for  synaptic  transmission  studies  in  the  mammalian  central 
nervous system. Since Forsythe’s first electrical recordings (1994) the calyx of Held 
has served as a model for studies involving ion channels, Ca2+ dynamics, short and 
long term modulation, development, and quantal transmission (for reviews see von 
Gersdorff  and  Borst  2002,  Schneggenburger  et  al.  2002,  Sakaba  et  al.  2002, 
Schneggenburger and Forsythe 2006, Rollenhagen and Lübke 2006). 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Figure  1.  Diversity  of  Central  Synapses.  A)  Axo‐dendritic  synapse  with  a  single  synaptic 
specialization.  B)  A  single  terminal  and  synaptic  contacts.  (C)  The  calyx  of  Held  apposing  a  single 
MNTB  principal  cell  containing  hundreds  of  release  sites.  D)  Glomerular  terminal  contacted  by 
multiple  dendrites  of  several  post‐synaptic  targets.  Reprinted,  with  permission  from  Walmsley, 
Alvarez and Fyffe 1998.  
 
 
The Auditory System 
  The  auditory  system has  the  fine  ability  to  differentiate minute  changes  in 
sound  wave  frequency  and  amplitude,  contributing  to  our  ability  to  process  the 
complex sounds in our everyday environment. The external, middle, and inner ear is 
designed to receive, transduce, and transmit sound waves into electrical signals for 
integration and processing within the auditory brainstem and cortex. Sound waves 
are analyzed  through a deconstructive process where  complex  sounds are broken 
down  into  its  individual  sound wave  frequencies.  The  auditory  system  exhibits  a 
tonotopic  arrangement,  where  individual  frequencies  are  processed  at  specific 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regions. This  arrangement begins at  the basilar membrane,  through  the hair  cells, 
brainstem nuclei, and the auditory cortex. 
 
Characteristics of Sound 
  Understanding  the  characteristics  of  sound,  how  it  is  formed,  travels  and 
measured,  is  imperative  to  the  study  of  the  auditory  system.  Sound  travels  in 
sinusoidal waves alternating between compression and rarefaction of air molecules 
(and other materials such as air, water, glass, etc.) at a speed of 343 m/s. The speed 
of  sound  is  dependant  on  the  elastic  modulus  (stress/strain)  and  density  of  the 
material.  
  Sound  is  characterized  by  the  waveform,  which  is  the  amplitude  plotted 
against  time  forming  a  sine  wave.  The  peak  of  the  sound  wave  indicates  air 
compression and the trough of the wave signifies rarefaction. Individual sine waves 
represent  pure  tones  where  the  amplitude  represents  the  intensity  of  sound, 
loudness,  measured  in  decibels  (dB).  Large  amplitudes  therefore  represent  loud 
sounds  while  smaller  amplitudes  characterize  softer,  quiet  sounds.  The  normal 
threshold  of  human  hearing  is  0  dB.  The  bel  scale  is  logarithmic  so  a  ten‐fold 
intensity  increase  corresponds  to  10  dB  while  a  100‐fold  increase  in  intensity 
corresponds  to  20  dB.  For  reference,  whispering  is  around  20  dB,  normal  level 
conversations  are  around  65  dB,  street  traffic  is  at  70  dB,  and  the  sound  of  a  jet 
plane  is around 140 dB. For humans,  the  loudest tolerable  intensity  is around 120 
dB. 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 The pitch of a sound is represented by the frequency, or cycles per seconds 
measured in Hertz (Hz). One cycle per second is equal to 1 Hz. The audible range of 
hearing  falls  between  20 Hz  –  20  kHz.  Frequencies  above  20  kHz  are  beyond  the 
range of human audible sound (ultrasonic) but are processed in other mammalian 
species. The CBA/J mouse hearing frequency range lies between 7.26 kHz‐ 61.8 kHz 
(Muller  et  al.  2005).  The  cat  exhibits  a  range  of  45 Hz‐64  kHz,  rat  species  ranges 
from 200 Hz and 90 kHz (Fay 1988, Kelly and Masterson 1977, Warfield 1973) and 
the bat has  the highest  frequency hearing  range of 70 kHz  to 111 kHz  (Kossl  and 
Vater  1985).  The  ear  responds  to  intensity‐frequency  levels  with  different 
sensitivities. To hear sounds at the same loudness the changing intensity requires a 
change  in  frequency.  The  Fletcher‐Munson  loudness  curve,  describing  loudness 
level, also called phons, which are equal  to the  intensity  level  in decibels at 1 kHz. 
The phon unit indicates perceived loudness and subjectively measures the strength 
of sound.  
 
The Ear 
Sensory perception of sound begins at the ear. The ear is composed of three 
regions:  the  outer,  middle,  and  inner  ear.  The  outer  ear  consists  of  the  pinna 
(auricle), which focuses sound waves toward the ear canal. The ear canal connects 
the external ear to the tympanum, or the eardrum. As sound travels through the ear 
canal the sound waves exert pressure on the tympanum, leading to the middle ear 
cavity.  This  air‐filled  cavity  contains  the  ossicles,  or  the  bones  that  transduce  the 
mechanical  energy  exerted  on  the  tympanum  to  the  oval  window  of  the  cochlea. 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When sound waves impact on the tympanic membrane the adjacent malleus, incus, 
and stapes exert the force into the cochlea. The middle ear cavity is connected to the 
pharynx by  the Eustachian  tube.  Since  the  cavity  is  sealed off  from  the  rest of  the 
system the eardrum and ossicles can move freely, known as compliance. This allows 
the eardrum to vibrate in response to the sound stimulus efficiently. The Eustacian 
tube acts as a valve allowing air to enter the middle ear and equalize to atmospheric 
pressure  changes.  Changes  in  atmospheric  pressure  can  affect  the  middle  ear 
pressure, decreasing compliance and effectively decrease hearing.  
The inner ear consists of the cochlea, a coiled organ approximately 9 mm in 
size (humans) and is embedded in the temporal bone. The cochlea consists of three 
fluid  filled  compartments  where  sound  waves  are  transformed  into  electrical 
signals. The stapes acts as a piston exerting pressure through the oval window into 
the  upper  compartment  of  the  cochlea,  the  scala  vestibuli.  The  wave  of  pressure 
travels  through  the  base  to  the  apex  of  the  cochlea  and  passes  through  the 
helicotrema, where the scala vestibuli connects to the lower compartment, the scala 
tympani, and results  in  the bowing of  the round window membrane to relieve  the 
pressure in the scala tympani.  
The basilar membrane separates the scala tympani and the scala media, the 
middle  compartment  of  the  cochlea  containing  the  organ  of  Corti. When pressure 
within  the scala  tympani  increases  the basilar membrane bows  in response  to  the 
compressions  and  rarefactions  of  the  sound waves.  A  unique  characteristic  of  the 
basilar membrane is the tonotopic arrangement of vibration frequencies. Tonotopy 
at  the  basilar membrane  is  the  beginning  of  tonotopic  organization, which  is  also 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seen throughout the auditory brainstem nuclei. The base of the basilar membrane is 
tuned  to  high  frequencies  at  around  20  kHz  (for  humans)  while  the  apex  of  the 
basilar  membrane  is  tuned  to  frequencies  down  to  20  Hz.  This  tonotopic 
arrangement is maintained throughout the auditory system.  
There are two types of receptor cells within the organ of Corti, a single row of 
inner hair cells  (IHC) and three rows of outer hair cells  (OHC) all of which exhibit 
tonotopic  arrangement.  The majority  of  afferent  input  or  receptive  input  is  from 
IHCs (90‐95%) while the OHCs mainly modulate the receptive function of the inner 
ear with a small percentage of afferent  input. The organ of Corti transduces sound 
waves  into  electrical  activity  and  produces  frequencies  by  reverse  transduction 
called otoacoustic emissions (OAE). The aforementioned emissions are measurable 
signals transmitted by the inner ear existing in two forms: spontaneous otoacoustic 
emissions  (SOAE)  that  are  produced  in  the  absence  of  a  stimulus  and  evoked 
otoacoustic  emissions  (EOAE).  Evoked  otoacoustic  emissions  are  induced  by 
acoustic  stimuli.    The  OHCs  are  responsible  for  OAEs  as  seen  by  the  greater 
population of OHC  to  IHC and  the  large number of  efferent  input onto  these  cells. 
The motility of the OHCs plays an important role in amplification. The cell bodies of 
OHCs shorten in response to depolarization and lengthen during hyperpolarization 
due  to  mechanical  stimulation.  The  movement  of  OHCs  affects  the  basilar 
membrane’s  ability  to  vibrate  in  response  to  audible  stimuli.  In  vivo  studies 
(Zimmermann  and  Fermin  1996)  have  shown  that  stimulation  to  the  efferent 
endings of OHC reduce sound‐evoked vibration  to  the basilar membrane and alter 
OAEs.  Thus,  efferent  innervation  onto  OHCs  modulates  cochlear  sensitivity  and 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alters frequency discrimination by dampening vibrations of the basilar membrane. 
Higher  frequency stimuli  show a decrease  in basilar membrane vibration whereas 
low frequency stimuli show a 100‐fold increase in basilar membrane motion. These 
actions allow the basilar membrane to amplify low frequency sounds.  
Sound waves are mechanically transduced at the stereocilia of the inner hair 
cells.  Spiral  ganglion  cells  (SGC)  innervate  the  hair  cells  and  send  afferent 
projections to the cochlear nucleus of the auditory brainstem via the VIIIth cranial, 
auditory  nerve.  The  spiral  ganglion  cell  axons  innervate  one  hair  cell,  but  many 
spiral ganglion cells, up to 10, can synapse onto a single hair cell. This suggests that 
IHCs  are  the main  receptive  input,  while  the  output  of  the  IHCs  is  innervated  by 
several afferent endings terminating within the cochlear nucleus, inferior colliculus, 
and  other  central  nuclei  in  order  to  encode  frequency  and  intensity  information 
independently. There are approximately 50,000 auditory nerve fibers (ANF) within 
the cat and 30,000 fibers in humans. Auditory nerve fibers are classified according 
to their somatic morphology and innervation patterns. Type I ANFs are myelinated 
and  compose  90‐95%  of  the  SGC  population  contacting  primarily  inner  hair  cells 
while Type  II  ANFs  are  unmyelinated with  smaller  somatic  volume  and  innervate 
outer hair cells. Ten to 30 spiral ganglion cells innervate a single inner hair cell. The 
basal  and  apical  ends  of  the  cochlea  are  innervated  by  8‐12  afferents  while  the 
middle  portion  of  the  cochlea  is  innervated  by  20‐30  afferents.    These  dendrites 
have  been  seen  to  bifurcate  and  contact  two  adjacent  inner  hair  cells  as  well  as 
make two contacts on a single hair cell (Berglund and Ryugo, 1987). The OHC also 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innervate the afferent ending of spiral ganglion cells, however, this population may 
not have a significant contribution to the overall processing of the stimulus.  
When  the  basilar  membrane  is  excited  the  organ  of  Corti  and  tectorial 
membrane atop the organ of Corti are displaced. The hair cell bundles between the 
two  membranes  are  deflected  and  transduce  mechanical  energy  into  electrical 
energy  via  the  stereocilia  atop  the  hair  cells.    The  stereocilia2  are  actin‐cored 
microvilli are organized in a graduated (staircase‐like) bundle (Figure 2) where the 
tallest  stereocilia  is  in physical  contact with  the  tectorial membrane. Deflection of 
the  hair  cell  bundle  opens  specific  membrane  ion  channels  and  generates  ionic 
currents within  the  inner hair  cells  thereby modulating  transmitter  release  at  the 
ribbon synapse. When the hair bundle is displaced in a “positive” direction, towards 
the  tallest  stereocilia, K+  channel conductance  increases, depolarizing  the hair cell. 
The  endolymph  has  a  high  K+  ion  concentration  producing  a  positive  electrical 
potential  so  that  K+  ions  enter  the  hair  cell,  down  its  concentration  gradient, 
depolarization  the  cell  whereas  conventional  neurons  depolarize  in  response  to 
sodium. Conversely, displacement in the “negative” direction, away from the tallest 
stereocilia, decreases K+ channel conductance thereby hyperpolarizing the hair cell. 
At rest, where the hair bundle is perpendicular to the hair cell membrane there is no 
change  in membrane potential,  however  there  is  constant  ion  flux  (Hudspeth  and 
Corey 1977). The mean open time of K+ channels  is dependant on hair cell bundle 
                                                        
2 The term stereocilia is misleading because the hair bundle is actually compoased 
of  microvilli  rather  than  ciliary  projections.  During  development  the  tallest 
stereocilia within the inner hair cell  is the kinocilium, composed of microtubulesm 
later degenerate with maturity unlike  the vestibular hair  cells where kinocilia  are 
maintained throughout adulthood. 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displacement.  These  mechanosensitive  channels  are  gated  by  the  tip  links  that 
attach neighboring stereocilia (figure 2) and produce constant tension so that upon 
deflection mechanically open ion channels. The influx of K+ ions depolarizes the hair 
cell  thereby activating voltage‐gated Ca2+ channels at the active zone of the ribbon 
synapse modulating  transmitter  release. The  structure of  the  ribbon‐type  synapse 
differs in exocytotic machinery by the presence of dense bars, flat plates (Figure 2), 
or ribbons3 anchoring synaptic vesicles to the presynaptic membrane and synapsing 
onto  the  terminals  of  the  VIIIth  nerve  fibers.  These  synapses,  unlike  conventional 
synapses within the central nervous system, respond to graded changes in potential 
rather  than  action  potentials.  It  is  in  this way  that  the  auditory  system  is  able  to 
differentiate sounds in the presence of constant background noise.  
                                                        
3 The profile of the presynaptic ribbon organelle varies. In 2D the ribbon resembles dense bars or flat 
plates. In 3D reconstructed synapses the ribbon appear flat, club‐shaped and spherical (Vollrath et al. 
1989, Lenzi et al. 1999). 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Figure 2. Mechanotransduction at the Inner Hair Cell. Top, left: Scanning electron micrograph of a 
mouse  inner hair cell bundle  (Frolenkov et al. 2004). Top,  right: Diagram of hair bundle deflection 
and ion channel gating. As the hair bundle moves toward the tallest stereocilia ion channels open due 
to the mechanical tension of the tip links (Corey and Sotomayor 2004). Bottom, left: Schematic of the 
ribbon synapse. Unlike conventional synapses the ribbon synpase contains an electron dense plaque, 
or  ribbon,  that  tethers  synaptic  vesicles  to  the active  zone  (Parsons 2006). Bottom,  right: Electron 
micrograph of a frog inner hair cell ribbon synapse (Lenzi and von Gersdorff 2001).  
 
 
The Auditory Brainstem  
Early Stages of Development 
The  auditory  system  is  derived  from  the  otic  placode,  a  thickening  of  the 
ectoderm adjacent  to  the rhombencephalon.  Invagination of  the otic placode  leads 
to  the  formation  of  the  otic  ganglion,  which  later  forms  the  VIIIth  nerve  and  the 
otocyst  that  forms  the  inner  ear.  The  close  proximity  of  the  otocyst  to  the 
rhombencephalon  is  critical  for  proper  inner  ear  development.  During  the  early 
stages  of  mammalian  development  the  rhombomeres  express  a  number  of  genes 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(Wnt, Hox, Fgf, and Pax) vital in neural migration and differentiation not only in the 
developing central nervous system but also sensory structures such as the inner ear.  
The  mammalian  cochlea  forms  at  embryonic  day  11  and  hair  cell 
determination and differentiation occur at E13. Between E11 and E15 the superior 
olivary  complex  nucleus  are  formed  with  the  MSO  showing  the  earliest 
neurogenesis  at  E11,  the  LSO between E13‐E15  and  the MNTB between E14‐E15. 
The endbulbs of Held are present at birth and develop well  into adulthood.   At P1 
the endbulbs are represented as small  swellings contacting  the bushy cell  surface. 
By the second postnatal week the endbulbs appear as boutons and by the 4th week 
begin taking on its characteristic shape. The calyces of Held are seen as early as P3‐
P5  (Kandler  and  Friauf  1993,  Hoffpauir  et  al.  2006)  exhibiting  the  characteristic 
cuplike morphology  early  in  life  and  developing  into  the  fenestrated  calyx  by  the 
onset of hearing.  
Although the onset of hearing in mice is seen at postnatal day 13 the central 
auditory circuits are fully functional well before then.  It is thought that the onset of 
neurotransmission  within  the  auditory  brainstem  occurs  immediately  before 
innervation  of  the  VIIIth  nerve  and  the  onset  of  hearing.    Therefore  the  central 
auditory  circuits  receive  and  send  information  in  the  absence  of  acoustic 
stimulation.  Even  though  the  central  auditory  circuits  are  functional  before  the 
onset  of  hearing  spontaneous  activity of  the VIIIth have been  recorded  soon after 
synaptic  connections  form  during  embryonic  development  and  may  have 
implications on downstream connections. 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Circuitry 
  The central auditory pathway begins at the VIIIth nerve, projections from the 
spiral  ganglion  cells,  innervating  the  cochlear  nucleus  (CN).  Like  the  basilar 
membrane, the auditory nerve fibers are more sensitive to certain frequencies than 
others: i.e. they have a characteristic frequency (CF). The characteristic frequency is 
the  frequency  that  either  the  auditory  nerve  or  neuron  is  tuned  for  at  the  lowest 
threshold.  The  cochlear  nerve  fibers  bifurcate  upon  entering  the  cochlear  nucleus 
synapsing  onto  neurons  within  each  region.  Low  frequency  information  from 
afferent  fibers  innervated  by  hair  cells  at  the  apex  of  the  cochlea  project  ventro‐
laterally while high frequency information carried by afferent fibers  innervated by 
basally  located hair cells of  the cochlea project dorso‐medially of each region. The 
morphologically  distinct  cell  types  (each  of  which  has  their  own  characteristic 
electrical  properties,  firing  patterns,  and  synaptic  architectures)  define  the  three 
regions  of  the  cochlear  nucleus.  Divergent  pathways  dorsally  (dorsal  cochlear 
nucleus,  DCN)  integrate  afferent  as  well  as  efferent  information  from  multiple 
sensory  areas  within  the  brain  whilst  the  ventral  cochlear  nucleus  (VCN) 
contributes  to  sound  localization.  The  VCN  is  further  subdivided  into  the 
anteroventral  cochlear  nucleus  (AVCN)  and  posterioventral  cochlear  nucleus 
(PVCN).  The  AVCN  integrates  interaural  timing  differences  (ITD)  and  interaural 
level  differences  (ILD)  and  projects  to  the  medial  nucleus  of  the  trapezoid  body 
(MNTB)  part  of  the  superior  olivary  complex  (SOC)  where  these  differences  are 
integrated. The  SOC  is  composed of  the MNTB, medial,  and  lateral  superior olives 
(MSO, LSO respectively, Figure 3). 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The AVCN consists of many cell types, in particular the spherical and globular 
bushy cells, named so due to their short, tufted dendritic arbors emanating from one 
pole of the soma. The afferent input from the spiral ganglion cells (SGC) make large, 
excitatory,  axosomatic  contacts,  the  endbulbs  of  Held,  onto  both  spherical  and 
globular  bushy  cells.  This  synapse  maintains  the  timing  of  the  afferent  signal 
through  the  bushy  cell  output.  The  high  frequency  information  is  similar  to  the 
primary  afferent.  This  “primary‐like”  firing  pattern  begins  with  the  onset  of  a 
transient potential  followed by  sustained  firing during  the  stimulus. The spherical 
bushy  cells  (SBC)  located  within  the  rostral  AVCN  are  innervated  by  up  to  four 
endbulbs  and  project  to  the  ipsilateral  and  contralateral  medial  superior  olive 
(MSO) and ipsilateral lateral superior olive (LSO), which is involved in ITD and ILD, 
respectively.  Less  is  known  about  the  globular  bushy  cell  (GBC)  population 
exhibiting a more elongated, oval soma and located caudally, adjacent to the VIIIth 
nerve  root.  These  cells  receive  an  average  of  22  ‘modified  endbulbs’  (9  to  69 
modified  endbulbs  per  GBC)  connections  (Spirou  2005).  Modified  endbulbs  are 
characteristically  smaller  than  the  endbulbs  of  Held  innervating  SBCs.  The  GBC 
population projects  to  the contralateral MNTB where they make connections via a 
large,  glutamatergic  synapse,  the  calyx  of  Held,  the  focus  of  this  study.  A  single 
calyceal terminal innervates one MNTB principal cell and covers roughly 40% of the 
cell surface (Sätzler et al. 2002, Tashchenberger 2002).  
The  calyx  of  Held  has  been  studied  extensively  both  physiologically  and 
anatomically.  A more  detailed  description  of  its  electrophysiological  properties  is 
discussed  in  later  chapters  (see  Quantal  Analysis).  Younger  animals  (before  the 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onset of hearing) among bats and mice have an increased frequency of calyces on a 
single  principal  cell  (up  to  2)  with  a  greater  number  of  calyceal  collaterals 
(Kuwabara et al 1991). These axon collaterals formed extensive terminal arbors in 
the  young  animals  defined  as  pre‐calycine  and  calycine.  Pre‐calycine  collaterals 
project  intrinsically  (within  the  MNTB)  and  extrinsically  (DMPO,  VMPO,  VNTB, 
mOCB,  SPN, MSO,  LSO).  Since  the major  glutamatergic  input  into  the MNTB  is  the 
calyx  of  Held  it  is  of  great  importance  in  the  study  of  synaptic  transmission, 
however,  the  principal  cell  receives  and projects  to many  auditory  and  vestibular 
nuclei  as  well.  Non  calyceal  inputs  projecting  to  the  MNTB  include  the  ventral 
nucleus  of  the  trapezoid  body  (VNTB),  dorsomedial  periolivary  nucleus  (DMPO), 
ventromedial periolivary nucleus (VMPO) and the ventral periolivary region (VPO).  
The MNTB also  receives  input  from the  ipsilateral  lateral nucleus of  the  trapezoid 
body (LNTB) and lateral superior olive (LSO).  
 
Figure  3.  Mammalian  Central  Auditory  Pathway.  Schematic  of  the  central  auditory  brainstem. 
Projections  from the spiral ganglion cell (red) emanate  from the  inner hair cells sending excitatory 
afferent input via the endbulbs of Held to the ipsilateral AVCN globular bushy cells (blue). The AVCN 
globular bushy cells send excitatory input via the calyx of Held to the contralateral MNTB principal 
cell  (green)  and  excitatory  input  to  the  ipsilateral  LSO  (purple)  and  MSO  (orange).  The  MNTB 
principal  cells  send  inhibitory  inputs  to  the  ipsilateral  LSO  and MSO,  where  bilateral  information 
converges. Excitatory  connections are  represented by a green  “+”  signs and  inhibitory  connections 
are denoted in red "‐" signs. 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Sound localization 
The  auditory  system  is  lateralized,  divided  by  a  midline  to  serve  as  a 
coincidence  detector  in  binaural  sound  localization.  Binaural  processing  relies  on 
two sound detectors, the ears, where the difference of sound arriving at each ear is 
processed  to  determine  the  origin  of  the  sound  source  (azimuthal)  known  as 
interaural  time  differences  (ITD).  The  other  binaural  cue  involved  in  sound 
localization  is  the  interaural  level  difference  (ILD)  where  the  loudness  (level  or 
amplitude) of the sound is interpreted.  
  The auditory nerve phase locks in response to low frequency stimulation (at 
a maximum of 5 kHz in mammals), meaning the firing of action potentials is in phase 
with the peak of the sound wave. Firing may not occur at every peak of the sound 
wave, but  it  is  always  locked at  the peak of  the period. The  inter‐spike  interval  is 
therefore  a multiple  of  the wave  period.  At  frequencies  greater  than  4  kHz  phase 
locking  does  not  occur  and  firing  occurs  at  random  intervals.  High  intensity 
frequency coding relies on tonotopy, or  the place code, where neurons respond to 
characteristic frequencies as well as encoding onset and duration of the sound.  
  The  AVCN  globular  bushy  cells  and  MNTB  principal  cells  respond  to  high 
frequency sounds. The globular bushy cells are innervated by the endbulbs of Held, 
like the spherical bushy cells, but are smaller and more numerous. This convergence 
of  auditory  inputs  coupled  with  the  large  synaptic  contacts  preserves  high 
frequency timing information conveying it to the MNTB principal cells via the calyx 
of  Held.  The  excitatory  signal  from  the  calyx  is  converted  to  an  inhibitory  signal 
innervating  the  ipsilateral  LSO,  which  also  receives  excitatory  input  from  the 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ipsilateral  AVCN.  This  is  the  point  where  binaural  information  coincides  via 
accurately timed inhibition (MNTB) and excitation (AVCN).  
 
Synaptic Transmission 
Sherrington  first  coined  the  term  “synapse”  in  1897  referring  to  the 
specialized  junction  through which nerve  terminals  communicated and exchanged 
electrical information. The term “synapse” came from roots meaning “together” and 
“to clasp,” very appropriate for the connection that has been extensively studied for 
over 120 years.  Bernard Katz and colleagues were the first to describe the synapse 
in  detail  as  both  an  electrical  and  chemical  phenomenon,  defining mechanisms  of 
transmitter release following action potential  invasion of the presynaptic terminal. 
At  the  same  time  Hodgkin  and  Huxley  were  developing  their  model  of  action 
potential propagation along the nerve terminal of the giant squid axon.  
Synaptic  transmission  begins  with  neurotransmitter  synthesis  within  the 
axon  terminal  and  uptake  into  synaptic  vesicles  through  various  transporter 
proteins  (Figure 4). Synaptic vesicles are  formed within  the nerve  terminal where 
neurotransmitters  are  packaged  into  the  vesicles  via  transporter  proteins.  These 
proteins  are  located  on  the  vesicular  membrane  as  in  the  case  of  glutamate. 
Glutamatergic  terminals,  like  the  calyx  of  Held,  express  the  vesicular  glutamate 
transporter protein (VGluT) on the vesicular membrane allowing glutamate to enter 
actively  against  its  concentration  gradient.  Glutamate  is  actively  transported  into 
the  vesicle  through  the  vacuolar  H+‐ATPase  activity  of  VGluT‐1,  establishing  an 
electrochemical gradient for an efflux of H+ and an influx of cytosolic glutamate into 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the  vesicle.    Once  the  neurotransmitter  is  packaged  they  are  ready  to  undergo 
vesicle fusion upon calcium influx.  
 
 
Figure  4.  Schematic  of  Neurotransmitter  Release.  Synaptic  vesicles,  expressing  vesicular 
transporter proteins,  take up neurotransmitter  via  active  transport  (1). Once  filled vesicles  cluster 
(2) and are targeted to the active zone (3) where it undergoes priming (4). Once primed, the vesicle 
is  release  competent.  Upon  Ca2+  entry  the  vesicle  is  triggered  and  forms  a  fusion  pore  (5)  where 
neurotransmitters are released into the synaptic cleft. Three recycling pathways exist where vesicles 
remain at the active zone for local reuse, known as “kiss‐and‐stay” (6), recycle without an endosomal 
intermediate  (“kiss‐and‐run”  7),  or  undergo  clathrin‐mediated  endocytosis  with  endosomal 
formation (9). Reprinted from Südhof, 2008.   
 
 
Synaptic Vesicle Pools 
There are three distinct vesicle pools within the nerve terminal,  the readily 
releasable  pool,  the  recycling  pool  and  the  reserve/resting  pool  (Figure  5).  The 
readily  releasable  pool  is  composed  of  vesicles  capable  of  exocytosis  upon  Ca2+ 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influx  (stimulation). Ultrastructurally  this  pool  can be  quantified  as  those  vesicles 
that  are  docked  to  the  presynaptic  membrane  at  the  active  zone,  primed  and 
available  for  exocytosis.  The  recycling  pool  consists  of  vesicles  available  upon 
moderate  stimulation.  These  vesicles  undergo  both  exocytosis  and  endocytosis  in 
order  to  replenishing  the  available  number  of  vesicles within  the  terminal  during 
prolonged stimulation. The reserve or resting pool is more centrally located within 
the  terminal  and  is  released  during  high  intensity  stimulation.  This  population 
constitutes  the  largest  of  the  three pools  (80‐90%). This  pool  is  seldom  recruited 
during normal physiological activity and  thought  to activate upon depletion of  the 
recycling pool (Sudhof 2004). Sakaba and Neher (2001) demonstrated the existence 
of a slow and rapid releasable pool. The readily releasable pool can be divided into a 
slow  releasing  pool  that  exhibits  faster  recovery  while  a  rapidly  releasing  pool 
exhibits slower recovery. It is thought that the rapidly releasing pool is colocalized 
with  a  calcium  trigger  and  once  exocytosis  is  initiated  there  is  a  greater  influx  of 
calcium  resulting  in  larger,  more  rapid  release.  These  sites  would  deplete  the 
available  number  of  vesicles  resulting  in  slower  recovery.  However,  the  slow 
releasing pool would not deplete the vesicle population as fast and would be able to 
replenish or recover from stimulation at a faster rate. 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Figure  5.  Synaptic  Vesicle  Pools.  The  readily  releasable  pool  consists  of  docked  vesicles  at  the 
presynaptic active zone, primed and ready for release upon Ca2+ influx. The recycling pool consists of 
the readily releasable pool and vesicles proximal to the active zone which rapidly replaces released 
vesicles.  The  reserve  or  resting pool  is  further  from  the  active  zone  and participates  in  exocytosis 
during high frequency stimulation. Reprinted from Gundelfinger et al. 2003.  
 
Exocytosis 
A host of synaptic proteins are involved in neurotransmitter uptake, vesicle 
priming for release, and Ca2+ ‐ triggered fusion pore of the vesicle to the presynaptic 
membrane and eventual exocytosis (Figure 6). After transmitter uptake the vesicle 
is  targeted  to  the docking site of  the presynaptic membrane  through  the action of 
Rab, a GTPase that binds to the vesicular membrane  in the GTP bound form. Once 
GTP is hydrolyzed into GDP the vesicle  is sent to the target site of  the presynaptic 
membrane and Rab  is  released back  into  the  cytoplasm  for  reuse. Vesicle docking 
involves  a  myriad  of  membrane  associated  proteins,  SNAREs  (SNAP  receptor 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proteins). There are  two  types of SNARE proteins, v‐SNAREs reside on  the vesicle 
membrane  and  include  VAMP  (vesicle  associated  membrane 
protein)/synaptobrevin and synaptotagmin, and t‐SNAREs, which are expressed on 
the  target  membrane  including  SNAP‐25  (synaptosome‐associated  protein)  and 
syntaxin.  The  docking  process  involves  the  interaction  of  the  SNARE  proteins, 
synaptobrevin  binds  to  SNAP‐25  and  syntaxin  forming  the  core  complex,  a  highly 
stable unit.  
Once Ca2+ enters the presynaptic terminal, synaptotagmin, a calcium binding 
protein, acts as a calcium sensor, binding transient Ca2+ ions and inserting itself into 
the presynaptic membrane. Synaptotagmin 1 has been shown to have a role in fast 
exocytosis and is also classified as a SNARE protein since it has been seen to interact 
with syntaxin on the presynaptic membrane. The vesicle is then primed, ready to be 
released  upon  Ca2+  influx  into  the  presynaptic  terminal  and  eventual  fusion  pore 
opening and transmitter release.  
Ca2+ ‐ voltage gated channels localized to the active zones of the presynaptic 
terminal  allows  for  a  rapid  increase  in  Ca2+  concentration  and  synchronous 
transmitter release. Calcium triggers transmitter release through a host of calcium 
binding proteins, which act as Ca2+ sensors. These proteins not only sense Ca2+, but 
also act as second messengers to transduce the calcium signal and activate enzymes 
as  well  as  ion  channels.  Calmodulin  (CaM)  is  a  calcium  modulating  protein  that 
binds up to four Ca2+ ions and undergoes a conformational change that binds to the 
effector molecule. Other calcium binding proteins include calbindin, which regulates 
calcium  concentrations  within  the  presynaptic  terminal,  calcium  transport  and 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uptake  and  frequenin  (neuronal  calcium  sensor  1,  NCS‐1),  found  primarily  in  the 
cytosol, that when over‐expressed, enhances synaptic activity. MNTB principle cells 
rely on Ca2+ influx as well as removal for proper synaptic functioning. Furthermore, 
it is suggested that Ca2+ removal from the presynaptic terminal rather than storage 
within organelles may be of greater  importance. (Chuhma and Ohmori, 2001). The 
distribution of Ca2+  ‐ binding proteins was also observed  to have  tonotopic spatial 
differences,  such  as  the  laterally  expressed  protein  calretinin,  which  reduces 
intracellular [Ca2+]. The buffering capability of calretinin and its expression laterally 
suggests that Ca2+  influences transmission frequency (Felmy and Schneggenburger 
2004). By studying the distribution of  the aforementioned proteins as well as Ca2+ 
exchangers (Na+‐Ca2+ exchanger and Ca2+‐ATPase)  it will be possible  to determine 
Ca2+ pathways within the terminal. 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Figure 6. The Exocytotic Machinery.  Synaptobrevin/VAMP expressed at  the vesicular membrane 
attaches  to  SNAP‐25  and  syntaxin  on  the  presynaptic  membrane  forming  the  SNARE  complex. 
Priming  occurs  in  two  steps,  priming  I  and  II,  involving  SNARE  complex  formation.  Upon  action 
potential  synaptotagmin  binds  Ca2+  triggering  fusion‐pore  opening  and  neurotransmitter  release. 
Recruitment  of  SNAP‐25  and  NSF  (ATPase)  disassembles  the  SNARE  complex  by  ATP‐hyrdrolysis 
allowing vesicles to undergo recycling via endocytosis. Reprinted from Südhof, 2008.   
 
 
Excitatory  synaptic  transmission  is  primarily  glutamatergic,  acting  on 
ionotropic glutamate receptors that conduct Na+ and K+ and metabotropic glutamate 
receptors  that  activate  second  messengers.  Inhibitory  transmission  is  glycinergic 
and GABAergic  (γ‐aminobutyric acid)  that act on GABA and glycine gated chloride 
channels.  GABA  acts  on  both  an  ionotropic  (GABAA)  and  metabotropic  (GABAB) 
receptors  that  activate  second messengers.  Glycine  activates  ionotropic  receptors 
sensitive  to  chloride.  Upon  activation,  Cl‐  is  driven  outward  increasing  the  net 
negative  charge  (hyperpolarization)  within  the  terminal.  In  the  AVCN,  GABA  and 
glycine are co‐localized with glycine inhibiting postsynaptically and GABA inhibiting 
glycine transmission presynaptically. 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The Quantal Hypothesis 
  The  first  quantal  studies  were  performed  at  the  neuromuscular  junction 
where  Katz  (Fatt  and  Katz  1952)  and  colleagues  found  miniature  end  plate 
potentials  occurring  spontaneously  in  the  absence  of  action  potentials.    Further 
work  by  del  Castillo  and  Katz  (1954)  correlated  the  occurrences  of  these  small, 
spontaneous miniature potentials  to evoked potentials where the peak amplitudes 
of  the  evoked  potentials  were  integral  multiples  of  the  mean  amplitude  of 
spontaneous  miniature  potentials.    These  miniature  potentials  were  termed 
“quanta” to describe the small packets of neurotransmitter released and correspond 
to  a  single  synaptic  vesicle  and  are  measured  by  the  spontaneous  miniature 
excitatory post‐synaptic currents (mEPSC). The mean amplitude of these currents is 
the  average  quantal  response  (Qav)  to  presynaptic  neurotransmitter  release.  This 
post‐synaptic measurement is dependant on the number of post‐synaptic receptors 
activated, binding kinetics, neurotransmitter dynamics (breakdown and reuptake), 
and receptor desensitization.  
  Evoked  currents  provide  information  about  synapses  as  a  whole  while 
spontaneous  currents  are  a  result  of  a  single  synaptic  vesicle.  Synapses,  like  the 
endbulbs and calyces of Held, are composed of hundreds of synaptic specializations 
or  individual  active  zones  (Sätzler  et  al.  2002,  Taschenberger  et  al.  2002).  The 
number  of  available  release  sites  influences  the  post‐synaptic  response  therefore; 
the evoked response  (EPSC)  is a product of  the number of  individual active zones 
and  their  quantal  size.    The  amplitude  of  post‐synaptic  activity  produced  by  the 
presynaptic terminal measures synaptic strength. 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The  generation  of  an  action  potential  does  not  ensure  neurotransmitter 
release.  Release  probability  is  the  propensity  of  a  synaptic  vesicle  to  release 
neurotransmitter upon action potential invasion and therefore determines synaptic 
strength  and  efficacy.  The  probability  that  a  synaptic  vesicle  will  exocytose  its 
content  is  based  on  predominantly  presynaptic  factors.  However,  within  the 
hippocampus  Branco  et  al.  (2008)  recently  found  that  release  probability  is  also 
dependant  on  local  dendritic  activity.  This  post‐synaptic  influence  on  release 
probability would further increase heterogeneity among synaptic contacts within a 
single terminal. The calyceal synapse contains hundreds of individual active zones, 
each with their own probabilistic release; therefore the nerve evoked post‐synaptic 
potential  is  correlated  to  the  sum  of  the  release  probabilities  (Pr)  at  each  active 
zone. In synapses within the hippocampal CA1‐CA3 connection many synapses only 
contain  one  active  zone.  Using  this  model  Dobrunz  and  Stevens  (1997)  further 
demonstrated  that  release  probability  is  highly  non‐uniform  varying  between 
individual  synapses  of  the  same  terminal  and  that  the  strength  of  the  synapse  is 
dependant  largely on the readily releasable pool size. Quantal size  is calculated by 
averaging  peak  amplitudes  of  miniature  currents  due  to  the  fact  that  release 
probability within a population is highly variable. Short‐term plasticity studies have 
revealed  the  correlation  between  pool  size  and  probability.  Murthy  et  al.  (2001) 
showed  that  inactivity  within  hippocampal  synapses  produce  increases  in 
neurotransmission  (synaptic  strength),  produced by  an  increase  in  the number of 
docked vesicles (readily releasable pool). 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The  active  zone  of  a  synapse  is  highly  specialized  for  neurotransmitter 
release  consisting  of  the  plasma membrane  opposed  to  the  post‐synaptic  density, 
which  is  rich  in  exocytotic  machinery.  Effectively,  these  sites  must  contain  the 
necessary  proteins  for  vesicle  fusion,  calcium  channels,  and  synaptic  vesicles  as 
evident  in  its  electron  dense  appearance  present  in  the  calyces  of  Held.  This 
cytomatrix is demonstrated in NMJ synapses composed of “ribs” and “beams” which 
tether and align vesicles with Ca2+ channels (Harlow et al. 2001). Cortical synapses 
are  purified  revealing  a  “particle  web”  in  which  electron  dense  particles  are 
connected in a web‐like fashion, evenly spaced for synaptic vesicle docking (Phillips 
et al. 2001). These webs contain the exocytotic machinery. As discussed earlier, the 
specific  proteins  involved  in  vesicle  fusion  are  required  for  successful  exocytosis 
along with cytoskeletal proteins for transport of the fusion machinery to the active 
zone.  Calcium  channels  play  a  vital  role  in  exocytosis  and  are  directly  correlated 
with the release probability of a vesicle. Studies have shown that the probability of 
release decreases threefold when the distance between the synaptic vesicle and Ca2+ 
channel double from 25nm to 50nm (Bennett et al. 2000).  
By defining the active zones it is now possible to describe the post ‐synaptic 
response  by  three  variables,  the  quantal  size  (q),  release  probability  (Pr)  and  the 
number of release sites (n) resulting in the following equation: 
EPSC= n Pr q 
Using this as the basic equation the release probability and the number of release 
sites can be experimentally quantified subject, of course, to a range of assumptions 
(see below). 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Mean Variance Analysis 
  The  calyceal  synapse  contains  hundreds  of  individual  active  zone  contacts 
with  individual,  heterogeneous  release  probabilities  (Oleskevich  and  Walmsley 
2002,  Sakaba  and Neher 2002). Using mean‐variance  analysis  the  average  release 
probability  across  all  sites  can  be  calculated  along  with  the  number  of  synaptic 
contacts  and  mean  quantal  amplitude  (Clements  and  Silver  2000).    The  mean 
quantal amplitude (Qw) is calculated by determining the slope of the mean‐variance 
plot  of  the  excitatory  postsynaptic  currents  (EPSC)  in  response  to  stimulation 
during  low,  moderate,  and  high  release  probabilities.  Fluctuations  in  EPSC 
amplitude  are  plotted  in  a  mean‐variance  plot  (M‐V)  to  illustrate  the  parabolic 
relationship between EPSC amplitude variance and mean amplitudes in response to 
varied release probabilities (low, moderate and high).  Figure 7 (from Clements and 
Silver  2000)  represents  the  mean‐variance  analysis  technique  used  to  calculate 
mean  release  probability  assuming  uniform  release  probabilities  among  50 
independent release sites. When Pr is low (<0.1) in experimental conditions such as 
low Ca2+/high Mg2+ the synapse has a low potential of release. Ergo, variance is low. 
The  same  is  true  for  high  Pr  where  probability  is  close  to  1  and  variance  is  low. 
However,  at moderate  Pr  (0.5)  there  is  greater  variability  since  the  probability  of 
release  is  around  50%.  By  plotting mean‐variance  it  is  possible  to  determine  the 
average quantal amplitude, Qw, by calculating the slope of the parabola. 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Figure 7. Variance­mean analysis. At low release probability there is little to no transmitter release 
and  variance  is  low  illustrated  by  a  mean  amplitude  and  variance  of  zero  (0).  When  release 
probability  is high (close to 1) the mean amplitude is at  its maximum and variance  is  low, since all 
sites  are  releasing  neurotransmitter.  During moderate  release  probability  variance  is  high.  In  this 
case release probability can be at 50% so the chances of a vesicle undergoing exocytosis are 50/50, 
therefore variance is high among this group. Reprinted from Clements and Sliver, 2000.  
 
Quantal Hypothesis: Assumptions 
   Current  quantal  studies  make  assumptions  when  determining  quantal 
parameters. The release site model (Vere‐Jones 1966) assumes N to be the number 
of release sites with only one (1) vesicle per release site. This work was performed 
at the NMJ where ultrastructural studies have demonstrated that there is more than 
one synaptic vesicle docked at a single release site (Govind et al. 1994). Moreover, 
this  model  assumes  that  the  number  of  release  sites  is  finite.  Heinemann  et  al. 
(1993) developed the vesicle state model by studying exocytosis in chromaffin cells 
demonstrating  that  the  number  of  release  sites  is  not  finite,  and  there  is  an 
unlimited supply of synaptic vesicles that constantly refill. When the releasable pool 
has been depleted the reserve pool replenishes  it via Ca2+ dependant mechanisms. 
The above mechanisms are in agreement with plasticity studies showing short‐and 
long‐term changes as a result of altered activity. 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 Synaptic  plasticity  indicates  that  the  number  of  release  sites,  quantal  size, 
and  release  probability  are  altered  in  response  to  activity.  The  quantal  size  is  a 
measure  of  the  post‐synaptic  activity  so  changes  in  receptor  expression, 
neurotransmitter binding kinetics, and receptor sensitivity (desensitization) would 
affect  the  post‐synaptic  response  to  single  vesicle  release.  The  number  of  release 
sites is dependant on the cytomatrix scaffolding proteins, and their ability to traffic 
vesicles  to  the  pre‐synaptic  membrane,  priming,  and  fusion  protein  involved  in 
vesicle  docking  and  subsequent  vesicle  recycling.  Many  factors,  as  discussed, 
contribute to release probability, in particular Ca2+ and the exocytotic machinery.  It 
was  initially  thought  that  action  potentials  deplete  a  pool  of  identical  readily 
releasable vesicles  (Liley and North 1953). However,  sustained activity would not 
be  feasible  since  vesicle  pools  would  immediately  deplete.  Short‐and  long‐term 
plasticity  studies  have  shown  that  synapses  exhibit  facilitation  (Dobrunz  and 
Stevens 1997) and depression supporting the idea that the number of release sites 
is not finite and release probability is heterogeneous.   
 
Homeostatic Plasticity 
Alterations  in  sensory  input  can  have  dramatic  effects  on  central  neuronal 
circuits  resulting  in  synaptic  changes  both  pre‐  and  post‐synaptically. Within  the 
developing  nervous  system,  homeostatic  plasticity  stabilizes  connections  between 
neurons in a circuit in order to regulate activity in response to altered input. In 1949 
Hebb  theorized  that  synaptic  plasticity  was  activity  dependant,  postulating  that 
repeated and persistent excitation of  the post‐synaptic  target neuron  is enhanced, 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so  that  synaptic  efficacy  is  increased  as  a  result  of  an  increase  in  pre‐synaptic 
stimulation.  This  activity  leads  to metabolically  significant  changes  at  the  cellular 
level  adding  to  the  stability  of  that  synaptic  connection. Homeostatic  plasticity,  in 
contrast,  describes  the  effects  of  not  only  an  increase  in  pre‐synaptic  activity,  but 
also  a  decline  in  activity.  It  is  in  this  way  that  circuits  are  adjusted  to  achieve  a 
homeostatic  level  of  activity  and  maintain  stable  patterns.  Neurons  within  a 
network are able to maintain their firing properties in response to altered input and 
preserve  normal,  rhythmic  activity  within  the  circuit.  Both  positive  and  negative 
feedback mechanisms are initiated, whereby alterations in activity are compensated 
by  modifications  in  synaptic  properties  to  achieve  equilibrium  or  a  desired  “set 
point”.  Homeostatic  plasticity  is  measured  by  comparing  the  quantal  amplitudes 
(mEPSC) within a circuit during normal or altered activity. Activity deprived circuits 
undergo  increases  in  excitability  expressed  as  an  increase  quantal  amplitude. 
Underlying mechanisms of  increases  in quantal amplitude  include  increases  in  the 
amount of neurotransmitter packaged within synaptic vesicles (Wilson et al. 2005), 
changes  in  post‐synaptic  receptor  expression  (Turrigiano  and  Nelson  2004)  and 
alteration  in  release  probability  (Oleskevich  and Walmsley  2002).  Balance  is  also 
maintained through fluctuations in excitatory and inhibitory input. When the firing 
rate  decreases  the  post‐synaptic  neuron  increases  in  excitability  (disuse 
hypersensitivity) a result of alterations in pre‐ and post‐synaptic mechanisms such 
as  increases  in  release  probability  and/or  increases  in  AMPA  receptor  subunit 
expression.  Likewise,  when  the  firing  rate  increases  post‐synaptic  neuron 
excitability  decreases.  Developmental  studies  have  revealed  that  suppression  of 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synaptic  activity  can  enhance  synaptic  strength  known  as  disuse  hypersensitivity. 
For  a more detailed  and  comprehensive  review of  homeostatic  plasticity  see Rich 
and Wenner (2007) and Walmsley et al. (2006). 
 
Altered Input 
Altered input into neuronal circuit has dramatic effects on synaptic strength. 
Presbycusis, or age related hearing loss, is a neurodegenerative process occurring in 
rodents  and  higher  mammals.  C57BL/6J  mice  experience  high  frequency  hearing 
loss by their first year producing downstream effects such as stereocilia disruption 
and  peripheral  sensorineural  hearing  loss  (Noben‐Trauth  et  al.  2003,  Zheng  et  al. 
2005). Electrophysiological studies on the DBA mouse strain that exhibits rapid age‐
related hearing loss (>5wks of age) were found to have reduced mEPSC frequencies 
(60%) and decreases in release probability (30%) at the endbulbs of Held in older 
animals  compared with young animals and CBA controls  (Wang and Manis 2005). 
The effect of congenital deafness has been shown to decrease neuron size within the 
cochlear nucleus (West and Harrison 1973, Willott et al. 1987, Larsen and Kirchhoff 
1992). Ryugo et al. (1997) showed distinct anatomical differences in the endbulbs of 
Held between normal and deaf cats. Fractal analysis used for quantifying structural 
complexity of the endbulbs of Held showed that the overall surface area was smaller 
in deaf  cats  (>6 years) and  there was a  loss of  tertiary branching and decrease  in 
meshwork of endbulb complexity. Ultrastructurally the post‐synaptic densities were 
longer along with a decrease in the quantity of synaptic vesicles within the terminal. 
Active zone reconstructions showed that the deaf group had large, irregular shaped 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active zones (0.24µm2) compared with the normal group that exhibited small, round 
to oval active zones (0.14µm2). The total number of synapses was estimated to be 
around 260 per endbulb  in  the deaf  group compared  to 460  in  the  control  group. 
These  experiments  show  that  changes  afferent  input  results  in  physiological  and 
morphological changes at the endbulb of Held synapse.  
 
Congenitally Deaf Mouse Model 
  Various animal models have been used to study the calyces and endbulbs of 
Held  including  the  cat,  rat,  chinchilla,  and  owl.  However,  the  mouse  model  has 
proved to be advantageous since genetic strains specific to hearing pathologies have 
become available. The  congenitally deaf mouse model  (dn/dn, deafness) has been 
utilized  in  synaptic  transmission  studies  to  observe  activity  dependant  changes 
within  the  AVCN  and  MNTB  synapses.  Changes  between  the  dn/dn  and  control 
reveal mechanisms underlying synaptic transmission that cannot be extrapolated in 
cochlear  ablation  or  other hearing  loss models  since  they  are  forms of  injury  and 
occur  after  development  (both  embryonic  and  postnatal).  The  dn/dn  strain  is 
congenitally  deaf  from  birth  with  no  spontaneous  activity  within  the  VIIIth  nerve 
making this model a candidate for studies of altered input, particularly an absence 
of activity. Unlike other mouse strains the dn/dn  is a desirable model  for synaptic 
transmission because of the complete lack of activity studies whereas others exhibit 
progressive hearing  loss,  such as  the DBA mouse  strain, deaf white  cat,  and other 
pathologies related to hearing. 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Nonsyndromic hearing loss is a condition only affecting the auditory system 
unassociated with other symptoms such as craniofacial malformations, ocular, renal, 
cardiac,  endocrine  and  neurological  dysfunction  as  well  as  skeletal  and 
integumentary  abnormalities.  The  congenitally  deaf mouse  (deafness,  dn/dn)  has 
been a desirable model  for hearing  loss  studies because  there  are no other major 
associated symptoms4.  
  The  dn/dn mouse  is  profoundly  deaf  from  birth  due  to  a  mutation  in  the 
Tmc1 gene, which encodes transmembrane proteins  involved  in mechanoelectrical 
transduction within the cochlear hair cells (Kurima et al. 2002). Dysfunction at this 
juncture  inhibits  VIIIth  nerve  stimulation  and  subsequent  conversion  of  sound 
waves  into  electrical  signals  within  the  auditory  brainstem.  This  model  is 
particularly  desirable  for  activity‐dependant  studies  due  to  the  complete  lack  of 
input  from  the  VIIIth  nerve.  Although  there  is  neither  evoked  nor  spontaneous 
activity at the VIIIth nerve (Steel and Bock 1980, Bock et al. 1982, Leao et al. 2006) 
the downstream central projections are still functional, from the endbulbs of Held to 
the auditory cortex.  
The  normal  physiological  condition  of  the  auditory  system develops  in  the 
presence of continual auditory stimulation.  In this model of hearing loss activity  is 
preserved  within  the  central  auditory  system  despite  the  lack  of  sensory  input. 
However differences  in  synaptic  transmission within key  auditory nuclei  are  seen 
between the dn/dn and controls. 
                                                        
4 Mouse strains such as; Beethoven (Bth), Bronx waltzer (v), jerker (je), and shaker (sh) exhibit 
progressive hearing loss along with a host of other symptomologies unrelated to hearing, making 
these mouse models undesirable for structure‐function studies. 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Differences between dn/dn and CBA/J 
Evoked recordings  from  the MNTB principal  cell  and calyces of Held  in  the 
dn/dn  mouse  represent  novel  activity  within  the  auditory  circuit.  By  eliciting 
electrical  impulses  within  this  circuit  it  is  possible  to  examine  the  underlying 
mechanisms  of  synaptic  plasticity.  A  number  of  studies  have  compared  the 
anatomical and physiological differences between the dn/dn strain and the control 
CBA/J strain.  
Unlike  cochlear  ablation  models  the  dn/dn  mouse  strain  does  not  exhibit 
novel connections within auditory circuits in response to an absence of input. Hsieh 
and Cramer  (2006)  found  that  cochlear  ablation before  and not  after  the onset of 
hearing produced VCN cell death and ectopic brainstem projections from the VCN to 
the ipsilateral MNTB. However, when the cochlear nucleus was resected before the 
onset of hearing the intact VCN sent projections to the contralateral as well as novel 
ipsilateral MNTB. After the onset of hearing these effects were still present but less 
prominent.  Youssoufian (2008) used DiI labeling to show that there are no aberrant 
ipsilateral  projections  from  the  AVCN  to  the MNTB within  dn/dn mice.  However, 
morphological  differences  have  been  observed  in  response  to  changes  associated 
with hearing loss models at the endbulbs of Held (Redd 2000, Liberman 1991, Wang 
and Manis 2005). Unilateral conductive hearing loss via auditory meatus removal at 
P12  to  P24  resulted  in  a  decrease  in  AVCN  bushy  cell  somatic  volume  (Webster, 
1983) while  cochlear  ablation  studies  revealed  a  critical  period  in which  ablation 
decreases  neuronal  survival  within  the  AVCN  in  young  animals  but  not  in  older 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animals  (Mostafapour,  2000),  defined  in  the  mouse  as  P14,  after  the  onset  of 
hearing. The  calyx of Held  in dn/dn mice appeared morphologically unchanged at 
the  light  level  (Youssoufian  2008);  however,  detailed  ultrastructural  analysis was 
not performed.  
Oleskevich  and  Walmsley  (2002)  showed  that  synaptic  transmission  was 
enhanced at the endbulb of Held‐spherical bushy cell connection within dn/dn mice. 
Using  an  in  vitro  brain  slice  preparation  the  auditory  nerve  was  stimulated  and 
evoked currents were recorded via whole‐cell patch recordings. The excitatory post‐
synaptic  currents  (EPSC)  at  the  onset  of  hearing  (P13)  within  the  deaf  mouse 
increased  in  amplitude  in  both  AMPA  and  NMDA‐mediated  transmission.  Further 
examination of  the quantal  components concluded  that  the  increase  in excitability 
was  presynaptic  in  origin,  specifically  an  increase  in  release  probability  at  the 
endbulbs  of  Held.  No  significant  change  was  observed  in  spontaneous  miniature 
EPSC  (mEPSC)  amplitude  or  the  decay  time  constant  between  the  two  groups 
indicating that post‐synaptic mechanisms of neurotransmission remained in tact in 
response to congenital deafness. Variance‐mean analysis confirmed that an increase 
in  release  probability  (Pr)  was  the  basis  for  enhanced  transmission  showing  that 
mean probability within  the dn/dn  (Pr= 0.3) was 60% greater  compared with  the 
control  (Pr=  0.8)  while  varying  internal  calcium  concentrations.  Developmentally 
the  differences  between  normal  and  dn/dn mice  occur  after  the  onset  of  hearing 
(P12). Prior to hearing many of  the developmental changes observed  in P5 to P12 
control mice are preserved at the calyx of Held synapse, but not the endbulb of Held 
synapse (Youssoufian 2005). 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Excitatory  neurotransmission  during  development  within  the  MNTB 
displayed  no  significant  differences  between  normal  and  congenitally  deaf  mice 
(Youssoufian  2005,  Oleskevich  et  al.  2004).  However,  changes  in  inhibitory 
transmission  were  observed  in  P12‐P14  dn/dn  mice.  Immunolabeling  with  the 
antibody gephyrin, the scaffolding protein for clustering of post‐synaptic glycinergic 
and  GABAergic  receptors,  defined  inhibitory  synapses within  the MNTB  principle 
cell  nuclei.  The  deaf  mouse  exhibited  30%  more  discrete  gephyrin‐IR  clusters 
indicating  more  inhibitory  sites  on  the  dn/dn  MNTB  somas.  Electrophysiological 
studies  revealed an  increase  (53%)  in mean mIPSC  frequency among dn/dn mice. 
Furthermore, the mean peak mIPSC amplitudes were smaller (60%) in dn/dn mice 
compared  to  controls  (Leao  et  al.  2004).  Since  there  is  a  reduction  in  mIPSC 
amplitude  and  an  increase  in  inhibitory  apposition  this  may  indicate  a  possible 
mechanism of  compensation.  The  receptors may  be  dysfunctional  and  in  order  to 
compensate  an  increase  in  receptor  expression  is  needed.  Glycinergic  inhibitory 
terminal  staining  by  gephyrin  does  not  reveal  colocalization  of  GABA  and  glycine 
receptors.  It  is  possible  that  the  colocalized  GABA  receptors  are  inhibiting  the 
presynaptic terminal, which would also account for the mISPC amplitude reduction.  
Within  the  MNTB  a  tonotopic  gradient  from  high  to  low  frequency  is 
displayed in the medio‐lateral axis. Friauf et al. (1992) immunolocalized frequency 
specific auditory neurons with c‐fos after prolonged tone stimulation showing that 
the  tonotopic  order  of  auditory  brainstem  nuclei  shifts  during maturation  where 
low  frequencies  develop  where  once  high  frequencies  were  expressed.  Further 
examination  of  the  voltage‐activated  membrane  currents  also  demonstrated 
  41 
tonotopy.  The  high  threshold K+  current  (kv3.1b)  and hyperpolarization‐activated 
currents  (HCN4) were shown  to be higher  in medial  cells versus  lateral  cells both 
physiologically  and  anatomically  within  the  MNTB.  Low  threshold  K+  currents 
(kv1.1)  are  higher  laterally.  The  same  parameters  were  examined  in  the  dn/dn 
mouse  showing  an  absence  of  these  gradients medio‐laterally  (Leao  et  al.  2006). 
From these findings it is clear that spontaneous activity before the onset of hearing 
is  critical  in  the  formation  of  these  topographic  gradients.  The  high  threshold 
potassium channels are characterisitic in high frequency firing neurons, such as the 
MNTB principal cells (Weiser et al. 1995, Wang et al. 1998, Grigg et al. 2000). The 
kv3.1 potassium channel  is genetically regulated by cAMP and the camp response‐
element  binding  protein  (CREB).  Von  Hehn  et  al.  (2004)  examined  the  tonotopic 
expression CREB within  the MNTB  in C57BL/6 mice  and  compared differences  in 
expression with CBA/J, normal hearing mice. Within the normal, CBA/J, animals the 
tonotopic expression of high Kv3.1 and CREB levels in the medial and low levels in 
the  lateral portions of the MNTB were present throughout development. However, 
in  the  C57BL/6  mice  that  exhibit  hair  cell  loss  showed  no  tonotopic  gradient  of 
Kv3.1 and CREB. Although changes in medio‐lateral patterning are not addressed in 
this  study  the  influence  of  spontaneous  activity  as  shown  through  differences  in 
tonotopic  expression  within  the  MNTB  are  influential  in  determining  synaptic 
strength. Through these studies it  is clear that the absence of spontaneous activity 
influences expression at the calyx of Held synapse. 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Implications on Homeostatic Synaptic Plasticity  
Plastic  changes  within  the  central  nervous  system  occur  in  response  to 
altered  activity  in  order  to  maintain  a  target‐firing  rate.  In  central  neurons 
homeostatic mechanisms counteract the effects of an increase or decrease of input 
activity. During decreased activity excitatory synapses increase in strength, so that 
upon action potential the net output of the terminal is increased, compensating for 
the  initial  lack  of  activity.  This  is  demonstrated  in  the  endbulb  of  Held  synapse 
where  evoked  EPSC  amplitudes  increase  within  the  deaf  mouse  as  a  result  of 
abolished  afferent  activity.  It  is  in  this  way  that  the  central  auditory  system 
compensates  for  a  lack  of  firing  from  the  VIIIth  nerve  in  order  to  preserve 
downstream  activity  in  the  MNTB  where  normal  excitatory  transmission  is 
maintained within dn/dn mice.  
  Conversely,  increased  activity  reduces  synaptic  strength.  The  decrease  in 
mean mIPSC peak amplitude,  increase  in mIPSC  frequency, and greater number of 
gephyrin‐IR+  terminals  indicates  a  compensatory  mechanism  within  the  dn/dn 
strain. The increased number of inhibitory contacts on the principal cell soma may 
be  a  mechanism  for  decreased  synaptic  strength  demonstrated  by  a  decrease  in 
mean  mIPSC  peak  amplitude.  Since  these  synapses  are  not  as  effective  as  their 
normal  counterparts  increasing  the  number  of  effective  sites  (N)  and  also  the 
frequency of firing provides a means of homeostatic control.  
  Electrophysiological and light microscopic studies have suggested that there 
are no changes at the glutamatergic calyx of Held synapse between normal hearing 
and congenitally deaf mice. However, there have been no ultrastructural studies at 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the calyx of Held synapse between normal and congenitally deaf mice. Studies at the 
electron  level provide detailed  information unavailable  through conventional  light 
and  electrophysiological  methods  such  as  synaptic  specialization  quantification, 
surface  area,  volumetric  measurements,  and  vesicle  population  studies.  These 
minute changes in synaptic architecture can have profound effects within the neural 
circuit whether  it  is  to  increase, decrease, or maintain  synaptic  transmission. This 
study  examines  the  ultrastructural  nature  of  the  calyx  of  Held  in  normal  and 
congenitally  deaf  mice.  Not  only  to  uncover  subcellular  changes  in  response  to 
altered  activity,  but  also  to  provide  an  ultrastructural  profile  of  the  calyx  of  Held 
synapse. Previous studies have detailed ultrastructural analysis on the rat calyx of 
Held  synapse  (Sätzler  et  al.    2002,  Taschenberger  et  al.  2002)  determining  the 
number  of  anatomical  active  zones,  volume,  surface  area,  and  apposition  areas  of 
the principal cell and calyx. These anatomical parameters can then be correlated to 
the physiological data. The endbulbs of Held in rats have also been serially analyzed 
at the electron level (Nicol and Walmsley 1998). However, no ultrastructural studies 
have been performed on mice or have compared the effects of altered input at the 
calyx of Held synapse. Additionally, the inhibitory synaptic contacts were examined 
to confirm the change in expression between normal and deaf mice at the electron 
level. 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III. Methods 
Tissue Fixation 
  An  integral  part  of  electron  microscopy  analysis  is  the  ability  to  maintain 
ultrastructure.  CBA/J  control  and  congenitally  deaf  (dn/dn)  mice  were 
transcardially  perfused  with  4%  paraformaldehyde  and  0.5‐2%  glutaraldehyde 
fixative. Two time points were measured, P9, before the onset of hearing and adult 
(<6 weeks).   The brains were dissected out and post‐fixed for up to 24 hours. The 
auditory  brainstem was  localized  and  blocked  for  vibratome  sectioning  at  50µm. 
Sections  were  then  incubated  in  1‐3%  sodium  borohydride  (NaBH4)  to  unmask 
antigens by reducing glutaraldehyde linkage for subsequent immunohistochemistry.  
 
Immunohistochemistry 
  Tissues  were  processed  for  immunohistochemistry  immediately  after 
sectioning.  All  sections were  incubated  in  3% BSA  (bovine  serum albumin)/  10% 
NHS  (normal  horse  serum)  in  0.01  M  PBS  (phosphate  buffered  saline)  for  30 
minutes.  Primary  antibody  dilutions  for  gephyrin  (Bohringer  Mannheim,  mouse 
monoclonal)  were  optimized  for  electron  microscopy  at  1:25  in  normal  serum. 
Incubation times varied according to glutaraldehyde concentration from 24 hours to 
5  days.  At  high  glutaraldehyde  (2%)  concentrations  sections  were  incubated  in 
primary  antibody  for  up  to  5  days  at  room  temperature.  Sections  were  then 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incubated  in biotinylated secondary anti‐mouse antibody (Vector Labs)  for 1 hour 
and  avidin‐biotin  complex  (Vector  Labs)  for  2  hours.  The  chromagen,  3',  3’ 
diaminobenzedine  (DAB,  Sigma)  was  used  to  develop  the  section  for  10 minutes 
until immunoreactivity was visible.  
  Sections were silver intensified to enhance DAB staining. Sections were fixed 
in .25% glutaraldehyde solution (0.01 PBS) for 30 min. then washed in tris maleate 
buffer  for  10  min.  at  room  temperature.  Sections  were  then  incubated  in  silver 
nitrate solution for 10 min at 60°C, 1% gold chloride for 2 min at room temperature 
and  finally  3%  sodium  thiosulfate  for  2  min.  at  room  temperature  to  bind  any 
unbound gold particles.  
 
Electron microscopy  
  All sections were incubated in 1‐2% osmium tetroxide (OsO4) for 30 minutes 
at 4°C and dehydrated in graded ethanol (50%, 70%, 90%, and 100%). Tissues were 
then  incubated  in  propylene  oxide:  Epon/Araldite  (Electron Microscopy  Sciences) 
mixture  overnight  then placed  in pure Epon/Araldite  and  flat  embedded between 
two fluorocarbon coated cover slips for 48 hours at 60°C. Once the flat section cured 
the MNTB was localized and removed for ultrathin sectioning.  
  For  whole  cell  reconstructions  serial  sections  were  collected  at  80‐100nm 
with  an  RMC,  Inc  MT6000‐XL  ultramicrotome  and  35°  Diatome  diamond  knife. 
Synapse reconstructions were collected at 50‐70nm to capture the fine detail of the 
active  zone.  Since  quantifying  vesicles was  an  aim  of  the  study  sections were  cut 
closer to the size of the vesicles approximately 45 nm (Schikorski and Stevens 1997, 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Xu‐Friedman  et  al.  2001).  Serial  sections  were  collected  in  a  humidity‐controlled 
room  with  minimized  airflow  to  ensure  optimum  ultramicrotime  sectioning.  
Although  the  ultramicrotome  itself  was  not  fitted  and  enclosed  by  a  barrier  the 
ventilation within  the room and doors were kept closed. Depending on  the size of 
the tissue block approximately 4‐10 sections were collected on single slotted (1mm 
x 2mm) nickel grids coated with Formvar  (1, 2‐dichloroethane, 0.35%  in ethylene 
dichloride, Electron Microscopy Sciences,). Grids were prepared with a grid coating 
pen  (Electron Microscopy Sciences)  to  reinforce  the Formvar coating. All Formvar 
coatings  had  a  thickness  of  approximately  100nm  (gold  in  color)  to  maintain 
integrity during tissue collection, post‐staining and electron microscope viewing. In 
order to ensure collection of all sections at a uniform thickness section series were 
collected  in  a  continuous  fashion  (Figure 8). Once  the desired number of  sections 
was cut they were immediately collected and placed on the grid. 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Figure 8. Ultrathin Serial Sectioning. Serial sections are cut at 50‐100nm and collected on formvar 
coated grids. These sections are stained with toludine blue to contrast the tissue for viewing under 
the light microscope.   
 
To  further  contrast  sections  were  post‐stained  with  1%  uranyl  acetate  in 
70% ethanol for 5 minutes (light‐protected) and Sato’s lead citrate (modern version, 
Hanaichi  1986)  and washed  thoroughly  in  ultrapure water.  Sections were  viewed 
and imaged on a Phillips Electron Microscope (EM208S), developed on Kodak 4489 
film or digitally captured with a Gatan BioScan Model 792 camera.  
 
Whole Cell Reconstruction 
  Images were captured on Kodak 4489 electron microscope film at 4400x. At 
this  magnification  the  MNTB  principal  cell  could  be  imaged  so  that  entire  cell 
membrane  and  apposing  calyx  were  visible  on  a  single  negative  plate.  Negative 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plates were developed  and digitally  scanned using  an  Imacon Flextight  848 drum 
scanner. All images were scanned at 1000 dpi and saved as TIFF images to maintain 
fine  structural  resolution.  Serial  sections  were  aligned  and  analyzed  using 
Reconstruct (Fiala, 2005) implemented on a PC based computer running Microsoft 
Windows XP.  
 
2D and 3D Analysis 
The Reconstruct  program allows  sections  to  be  serially  images  by  stacking 
sections  in  a  series  in  order  to  align,  trace  and  reconstruct  objects  for  three‐
dimensional  viewing  and  analysis.  After  all  images  within  a  series  have  been 
imported  sections were  calibrated  using  image  scale  bars  and  resizing  the  entire 
image  stack  by  the  appropriate  number  of  pixels  per  inch  according  to  the  scale 
measured. Aligning sections within an image stack begins with a central image. This 
image is defined as the middle of the stack, so in an image stack of 80 sections the 
40th  section  is  defined  as  the  middle  section  in  which  all  other  sections  will  be 
aligned to. Each section is aligned with its neighboring section so #39 is aligned to 
#40; #38  is aligned  to #39 and so on. When aligning  sections both  images can be 
viewed simultaneously, one on  top of  the other. The entire  image  is  incrementally 
rotated and fitted with the neighboring section (Figure 9). Once the section is best 
fitted to its neighboring section fiduciary markers were aligned if needed. Fiduciary 
markers were defined by round structures such as mitochondria, dendrites, axons 
or  blood  vessels,  which  form  tubular  structures.  Artifact  from  tissue  preparation, 
such  as  staining,  osmication,  and  post‐staining,  is  also  useful  fiduciary  markers 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when  present  on  multiple  sections.  Once  images  are  aligned  structures  can  be 
measured and quantified. 
 
 
Figure 9.  Serial  Section Alignment.  Serial  sections  (beginning  at  the  top  right)  undergo  rotation 
and distortion when aligned with the Reconstruct program. Care is taken when aligning sections in 
order to preserve the original image dimensions by utilizing rotation rather than the use of fiduciary 
points. 
 
For  all  sections  the  entire  cell,  nuclear  envelope  and  calyceal  membranes 
were  traced  to  measure  the  surface  area  and  volume  of  the  principal  cell  soma, 
nucleus  and  calyx.    The  apposition  area  between  the  somata  and  calyx were  then 
traced  separately.  Currently,  the  Reconstruct  program  does  not  allow  overlap  or 
close  proximity  between  sections  to  be  calculated  so  manual  measurements  is 
required.  Synaptic  specializations  (active  zones  and  puncta  adherentia)  were 
measured  and quantified  to  obtain  the  total  number of  contacts  from  the  calyx  of 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Held  onto  the  principal  cell  soma.  Inhibitory  contacts  were  analyzed  in  a  like 
manner  by  quantifying  the  total  number  of  inhibitory  contacts  and  measuring 
terminal apposition length and the active zone length corresponding to gephyrin IR. 
Although gephyrin‐IR using DAB and  silver  intensification  is  an amplified product 
and not an exact measurement of the active zone length the measurements from the 
immunoreactive product can give an overall estimate of the coverage area and can 
also be used to compare differences between normal and deaf conditions. Only two‐
dimensional analysis was performed on inhibitory contacts by measuring the total 
apposition length of gephyrin‐IR divided by total synaptic perimeter thus giving the 
percent coverage of inhibitory contacts per somatic length.  
 
Synapse Reconstruction 
  Images were  captured  at magnifications  greater  than  11,000x  for  synaptic 
reconstructions.  At  these  magnifications  synaptic  vesicles  can  be  visualized  and 
quantified for vesicle counts. Large sections of the calyx of Held are imaged serially 
measuring  5‐10µm  in  length.  Depending  on  the  depth  of  serial  section  imaging  a 
number  of  individual  synapses  (25‐100)  can  be  analyzed  for  vesicle  distribution. 
This allows  for an unbiased selection of  synapses  to be analyzed and gives partial 
reconstruction  data  similar  to  the whole  cell  reconstructions  (see  above).  Vesicle 
diameters  were  measured  in  various  sections  to  calculate  the  average  vesicle 
diameter.  
  For  all  synapses  the  active  zone  length  was  measured  and  the  number  of 
docked vesicles was quantified (Figure 10). Docked vesicles were defined as those 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vesicles  residing  <10nm  from  the  active  zone.  The  readily  releasable  pool  was 
defined  as  the  population  of  vesicles  within  a  150nm  radius  of  the  active  zone. 
Through a series of sections the visible active zone ends. Vesicles in two subsequent 
sections  (approximately 150nm)  from  the  last  section with  the visible active  zone 
are  counted  as  the  readily  releasable  pool.  This  method  ensures  that  the  total 
number of readily releasable vesicles is quantified within the 150nm radius.  
 
 
 
Figure 10. Synaptic Specialization Analysis. Top: A high magnification electron micrograph of the 
calyceal membrane and associated synaptic specialization the active zone (black arrow) is defined by 
the pre‐ and post‐synaptic densities and vesicle aggregation. Puncta adherentia (white arrows) are 
defined by their electron densities but lack of vesicles. Bottom: A schematic of the top image where 
the pre‐synaptic membrane is traced in red, the post‐synaptic membrane in dark blue, pre‐synaptic 
density  in  yellow,  post‐synaptic  density  in  light  blue  and  the  vesicles  traced  in  green.  The  docked 
vesicles are indicated by the asterisk.  Scale=0.2µm. 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Data Analysis 
Sigma Stat 3.1 software was used to perform all statistical analysis. Since two 
groups,  control  and  deaf,  were  being  examined  t‐tests  were  performed.  If  the 
normality test failed (P ≤ 0.05) then a Mann‐Whitney rank sum test was performed 
to determine a statistically significant difference between the two groups. 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IV. RESULTS 
Ultrastructural  analysis  defined  the  parameters  in which  the  calyx  of  Held 
synapse  faithfully  transmits  high  frequency  signals within  the  auditory  brainstem 
while  maintaining  temporal  information.    This  included  a  survey  of  the  overall 
structure of the calyx of Held as well as detailed analysis of synaptic specializations 
and other structures involved in synaptic function such as areas of non‐apposition, 
mitochondria‐associated adherens complexes (MACS), and nuclear morphology. 
 
General Observations of the MNTB 
The overall organization of the MNTB can be observed in the light microscope. The 
medial  portion of  the nucleus  is  tapered where  cells  are often  smaller  and  tightly 
packed. Laterally,  the principal cell soma appeared larger volumetrically and more 
diffusely  spread.    Immunohistochemical  staining  with  Nissl,  a  neuronal  marker 
shows the MNTB and its characteristic club‐like shape (Figure 11). Visualization of 
the calyces of Held are shown in Figure 11 stained with anti‐VGluT1, the vesicular 
glutamate transporter protein expressed at the vesicular membrane, indicating the 
glutamatergic nature of these synapses (also, Figure 16). 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Figure 11. The Medial Nucleus  of  the Trapezoid Body.  Low magnification  images  of  the MNTB 
(defined by outline) show densely packed neurons toward the medial (M) portion of the nuclei and 
more  loosely  packed  neurons  at  the  lateral  (L)  end.  Top:  Confocal  image5  labeled  with  green 
fluorescent Nissl  to define neurons within the nucleus. Middle: VGluT1‐IR (FITC) within the MNTB. 
The cells appear outlined by VGluT1‐IR representing the apposing calyx of Held. Note the large size of 
the  terminal,  enveloping  the entire cell  soma.   Bottom: DAB/Osmium stained section of  the MNTB. 
Scale=100µm.  
                                                        
5 Confocal images courtesy of Adam S. Deardorff, REWF Laboratory, Wright State University 2007. 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The general morphology of  the principal  cell was characteristic of previous 
studies  (Morest  1968,  Smith  et  al.  1998,  Sätzler  et  al.  2002,  Taschenberger  et  al. 
2002,  Hoffpauir  et  al.  2006)  exhibiting  an  elongated,  oval‐shaped  soma,  with  the 
nucleus residing at one pole (Figure 12 and 28). Principal cells within the mouse are 
approximately  20µm  at  its  longest  length  and  approximately  12µm  at  its  widest 
width in single 2D image measurements. In Figure 12a the calyx of Held is colored in 
yellow where the stalk of the calyx emanates from the same pole where the nucleus 
resides. The stalk of the calyx is defined by the termination of the myelinated axon 
shown by  the electron dense outline distal  to  the principal  cell.  In  addition  to  the 
large,  glutamatergic  input,  the  principal  cell  also  receives  inhibitory  input 
positioned between the calyceal  fenestrations (Figure 12a shown in red, Figure 25 
and 27). A number of unlabelled cells appose the soma and appear to be excitatory 
in  nature  due  to  1)  the  absence  of  gephyrin‐IR  labeling  and  2)  the  presence  of 
spherical vesicles (not shown). Under 2D analysis it is difficult to accurately define 
these  terminals  as  calyceal  or  non‐calyceal  but  3D  reconstruction  confirms  that 
there are areas of non‐calyceal and non‐inhibitory terminal apposition. 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Figure 12. MNTB Principal Cell. A) The calyx of Held  is colored  in yellow and  inhibitory contacts 
colored in red were labeled with gephyrin, the inhibitory receptor scaffolding protein. Gephyrin‐IR is 
denoted by  the arrows. Scale = 2µm.   B) The  left  image  is a 3D reconstruction of  the calyx of Held 
depicted  in  yellow  surrounding  the  nucleus  (red).  The  blue  represents  gephyrin‐IR  and  the 
associated terminals (grey). The soma is not rendered in this image. The image on the right is a whole 
cell reconstruction of the principal cell (yellow) apposed by the calyx of Held (green).  
 
  Three‐dimensional  reconstruction  (Figure 12b  and 28) of  the principal  cell 
had  a  volume  of  993.81µm3  and  a  surface  area  of  612.22µm2.  The  nucleus  had  a 
volume of 217.93µm3 and a total surface area of 222.8µm2. The nucleolus was also 
measured  and  was  found  to  have  a  volume  of  4.48µm3  and  a  surface  area  of 
16.1µm2.  Developmentally,  at  P9,  the MNTB was  smaller  in  volume,  located more 
caudally  than  the  adult  MNTB  neuronal  nuclei,  and  the  principal  cell  somas 
appeared more spherical  compared  to  the adult with a diameter of approximately 
15µm (Figure 15).  
 
Nuclear Envelope Invaginations 
Electron  microscopic  observation  of  the  MNTB  nucleus  reveals  large  oval 
shaped cells with a polarized nucleus and an  invaginated nuclear envelope. Figure 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13a shows the nuclear membrane (denoted by red arrows) invaginating toward the 
center of the nucleus. These structures are visible at low magnification and vary in 
size  and  shape.  Some  invaginations  were  shallow  resembling  “pits”  in  3D 
reconstructions while  others  created  large  crevices within  the  nucleus  as  seen  in 
Figure 25. At P9 the invaginations were shallower and more numerous (Figure 14). 
During development  into adulthood these  invaginations become deeper, elongated 
and  decrease  in  number.    In  some  adult  cells  a  long,  single  invagination  was 
observed.  
 
 
Figure 13. Nuclear Envelope Invaginations. A) High magnification micrograph showing the double 
membrane  of  the  nuclear  envelope  denoted  by  the  red  arrows  and  invagination  of  the membrane 
(black  arrow).  Scale=  0.2µm.  B)  Diversity  of  nuclear  envelope  invaginations  on  a  single  nucleus. 
Larger  invaginations  (black  arrow)  were  more  frequently  observed  in  the  adult  animals  while 
shallower “pits” were more frequent in younger animals (white arrows). Scale= 1µm. 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Figure 14. Developmental comparison of Nuclear Envelope Invaginations. A) The nucleus (red) 
of  P9 mouse  exhibits  shallower  invaginations,  or  “pits”.    B  and  C)  Nuclear  envelope  invaginations 
(red)  from adult mice. Note  the differences  in quantity and depth of  the  invaginations between P9 
and adult mice. Scale=1µm.  
 
 
Cajal Bodies 
The presence of Cajal bodies  (Cajal 1903), or  coiled bodies  (Monneron and 
Bernhard 1969, Hardin et al. 1969), has been observed more abundantly in the P9 
mouse in both deaf and control groups. These structures appear as electron dense 
clusters similar shape but smaller in size to the nucleolus. Figure 15 shows a cluster 
of principal cells within a P9 CBA/J mouse. The somatas are outlined in red and the 
black arrows point to the electron dense structures within the nucleus. It is difficult 
to  define  these  structures  as  either  nucleolus  or  Cajal  body  since  the  edge  of  the 
nucleolus may be imaged or not representative of its largest cross sectional area. In 
Figure 15b illustrates the presence of multiple electron dense structures within the 
nucleus at high magnification. These structures do differ in their electron density in 
that  some  structures  appeared darker  and while  other portions had a  finer, more 
grainer  appearance.  Cajal  bodies  are  known  to  attach  to  the  nucleolus  via  the 
protein  coilin  (Silva  et  al.  2004).  It  has  been  shown  that  the  nucleolus  is  more 
electron dense, characteristic of its high nucleic acid and protein content, and Cajal 
  59 
bodies  have  a  less  dense,  grainier  appearance  (Monneron  and  Bernhard  1969).  
Qualitative examination  through several 2D sections  indicate  that  the Cajal bodies 
present  within  these  neurons  can  attach  to  the  nucleolus  and  are  randomly 
distributed within the nucleus with no apparent order.  
 
 
Figure 15. Cajal Bodies within the MNTB of a P9 CBA/J mouse. A) The somatas are outlined in red 
and the black arrows denote  the presence of multiple electron dense structures within  the nuclear 
envelope.  Note  the  spherical  morphology  of  the  cell  soma  at  this  age  and  the  difference  in  size 
compared  to  the  adult.  Scale=10µm.  B)  High  magnification  of  electron  dense  nuclear  structures. 
Scale=0.2µm.  
 
 
The Calyx of Held  
The  principal  cells  are  easily  distinguished  by  the  large  calyx  of  Held 
terminals apposed to the somatic membrane. The calyx itself is positioned with the 
stalk, the point at which the axon diverges, closest to the pole containing the nucleus 
(Figure 11). At the stalk of the calyx the distribution of mitochondria are positioned 
towards  the  calyceal  membrane  to  fulfill  the  energy  requirements  needed  in 
synaptic  transmission  of  such  a  large  terminal.  From  the  stalk  the  calyx‐like 
formation takes shape and divergent branching occurs enveloping the entire soma. 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The  fenestrated  form of  the  calyx  allows  for non‐calyceal  terminals  to  contact  the 
principal cell soma but also allows for evenly distributed coverage over the majority 
of the soma ensuring that transmission at this large synapse is effective throughout 
the cell body.  
The  calyx of Held  is  the  largest  synapse  in  the mammalian  central nervous 
system.  This  structure  is  easily  identifiable  at  both  the  light  and  electron  level 
because  of  its  large  size  and  distinct  calyceal  morphology.  At  the  light  level 
antibodies  against  the  vesicular  glutamate  transporter  (VGluT1)  are  used  to  label 
the  calyx  of  Held  (Figure  16,  Billups  2005).  Confocal  imaging  shows  that  VGluT1 
immunoreactivity is pre‐synaptic, apposing Nissl stained principal cell somas and is 
confirmed under  the  electron microscope of DAB  intensified VGluT1  staining. The 
VGluT  antibody,  although  a  marker  for  excitatory  terminals,  is  not  sufficient  for 
quantitative analysis of the calyx of Held since only a portion of the calyx is stained 
(Figure 16b). These transporter proteins are responsible for loading glutamate into 
the synaptic vesicles (Bellocchio et al. 2000) and therefore only stains a fraction of 
the  calyceal  terminal.  However,  the  use  of  VGluT1  as  a  marker  of  glutamatergic 
terminals confirms the identity of these endings as the calyx of Held. 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Figure 16. VGluT1 Immunoreactivity within the MNTB. VGluT1 stains the majority of the calyx of 
Held within the MNTB. A) Confocal image6 of principal cells labeled with green fluorescent Nissl and 
VGluT1‐IR labeled with CY3 (red). Scale= 10µm. B) An electron micrograph of VGluT1‐IR of the calyx 
of Held (yellow arrows). DAB labeling within the terminal  is highly variable between the terminals 
shown. Not only  is there variability  in staining intensity between terminals but also within a single 
terminal  as  denoted  by  the  red  arrow  pointing  to  a  section  of  lighter  VGluT1‐IR  staining.  C)  A 
montage of a principal cell with VGluT1‐IR, denoted by the red arrows, confirming the glutamatergic 
nature of the calyx of Held. Scale= 1µm for both B and C. 
                                                        
6 Image courtesy of Dr. Hong Sun, REWF laboratory, Wright State University, 2004. 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The  calyx  of  Held  in  the  adult  CBA/J  mouse  is  as  described  in  previous 
literature for mice, cats and rats (Morest 1968, Sätzler et al. 2002, Taschenberger et 
al.  2002,  Hoffpauir  2006).  The  calyx  is  fenestrated7,  enveloping  the  principal  cell 
soma.  During  development  the  calyx  of  Held  undergoes  dramatic  morphological 
changes.  Before the onset of hearing, the immature calyx appears cup‐like (Sätzler 
et  al.  2002,  Tashchenberger  2002),  as  observed  in  the  present  study.  Like  many 
developing synapses within the nervous system the calyx of Held also goes through 
axonal  remodeling and  synaptic  refinement  (Rodriquez‐Contreras et  al.  2008).   At 
P9, before the onset of hearing, the CBA/J mouse exhibits a cup‐like calyceal ending 
residing  at  one  pole  (Figure  17).  Developmentally  this  ending  begins  to  form  its 
characteristic finger‐like projections into the mature calyx first seen at P13 through 
adulthood (>P49) as seen in Figure 17.   
                                                        
7 Having openings, perforations, or irregularly reticulated. 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Figure 17. The calyx of Held at P9. The calyx of Held, colored in yellow, before the onset of hearing 
is  cup‐like.  These  calyces  are  easily  identifiable  at  the  EM  level  because  of  their  large,  continuous 
structure apposing a significant portion of the soma. Scale= 2µm. 
 
 
The volume of the calyx was 311.7µm3 measuring from the stalk of the calyx 
with a total surface area of 793.9µm2  (Figure 28).  
 
Apposition Area 
  The  apposition  area  of  the  calyx  of  Held  to  the  principal  cell  soma  was 
measured to calculate the total surface area coverage of the terminal. The structural 
detail  at  the  electron microscopic  level  can  resolve  this measurement while  light 
microscopy can only approximate this value. The length of apposition is the area by 
which the calyceal and somatic membranes are separated by a distance of 20µm or 
less  (Savtchenko and Rusakov 2007). The  total apposition area  in  the adult CBA/J 
mouse measured 361.7 µm2, which  covers 46% of  the  soma. This  is  in  agreement 
  64 
with  previous  quantitative  studies  where  Sätzler  et  al.  (2002)  measured  the 
apposition  area  to  be  41%  of  the  somatic  surface  area  from  a  3‐dimensional 
reconstruction of an immature rat principal cell.  
 
Non­Apposition Area 
Areas  of  non‐apposition between  the  calyx  of Held  and  somatic membrane 
are present within the CBA/J mouse at P9 and adulthood.  These are areas in which 
there  is  no  visible  terminal  or  dendrite  fitted  between  the  two  structures.  The 
calyceal membrane  and  somatic membrane  are  clearly  separated  by  extracellular 
space  (Figure  18).  These  areas  of  non‐apposition were  also  observed  in  previous 
studies and termed extended extracellular spaces (EES, Nakajima 1971, Rowland et 
al.  2000).  Furthermore  there  are  no  visible  membranes  indicating  a  specified 
separation  for  a  distinct  structure.  Membranous  structures,  however,  did  appear 
within  the  areas  of  non‐apposition  surrounded  by  extracellular  space  including 
coated pits. It was proposed that these were sites of membrane recycling in that the 
coated pits were indicative of endocytosis (Rowland et al. 2000). The length of non‐
apposition along the membranes had an average of 1.15µm and an average area of 
0.122µm2.  Three‐dimensional  analysis  was  not  performed  on  these  structures  so 
detailed volumetric measurements are not available. 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Figure 18. Extended Extracellular Spaces (EES). The calyx of Held (C) apposing the principal cell 
soma exhibits areas of non‐apposition or extended extracellular spaces (EES) denoted by the black 
arrows.  Another  feature  present  at  the  calyceal‐somatic  apposition  is  the  interdigitation  (white 
arrow) of the soma prominent in P9 animals.   
 
 
Dense Core Vesicles 
  Small dense core vesicles were present within the calyx of Held. These larger, 
round,  vesicular  structures  (compared  to  synaptic  vesicles)  measured 
approximately 80nm in diameter and were within a distance of 0.3µm or closer to 
an  active  zone.  Visually  these  structures  filled with  a  dense material.  Small  dense 
core  vesicles  store  monoaminergic  neurotransmitters  such  as;  dopamine, 
adrenaline,  noradrenalin,  and  serotonin.  These  vesicles  exocytose  their  contents 
extrasynaptically,  away  from  synaptic  specialization  (Brock  and  Cunnane  1987).  
Torrealba and Müller (1999) observed large, medium and small dense core vesicles 
within the glutamatergic terminals within the nucleus tractus solitarius (NTS) of the 
rat. They found that these terminals act on their post‐synaptic targets by secreting 
two neurotransmitters, serotonin (5‐HT) and glutamate in agreement with previous 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studies in cultured neurons within the raphe nucleus (Johnson 1994). The immature 
calyx was shown  to exhibit pre‐synaptic  inhibition mediated by 5‐HT1B receptors 
expressed  at  the  calyx  of  Held  (Mizutani  et  al.  2006).  No  further  examination  of 
these  structures  was  performed  but  their  presence  was  evident  through  out 
development and within the dn/dn group (Figure 19). 
 
 
Figure 19. Dense Core Vesicles. Small dense core vesicles (arrows) were present within the calyx of 
Held  (C). These structures measured ~80nm and were consistently 0.3µm or  less  in distance  from 
the  calyceal  membrane  and  were  present  throughout  development  and  in  both  normal  and  deaf 
animals. Scale‐ 1µm.  
 
 
 
Active Zones and Synaptic Vesicles 
  Rodriguez‐Contreras  et  al.  (2008)  found  that  the  calyx  of Held  forms  at  P3 
and undergoes synaptic refinement between P4 and P16, after the onset of hearing 
in  rats.  This  supports  the  idea  that  formation  of  this  excitatory  synapse  is 
independent  of  sensory  input  (Hoffpauir  et  al.  2006,  Erazo‐Fischer  et  al.  2007, 
Youssoufian  et  al.  2008).  The  apposition  area  of  the  active  zones with  respect  to 
calyceal  apposition was  analyzed  in  normal  and  deaf  animals  at  P9.  These  partial 
reconstructions (Figure 23) reveal the percent coverage of active zone surface area 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over  a  finite  section  of  the  calyx  of Held.  Controls,  at  P9,  had  an  active  zone  area 
measuring  5.05µm2  over  a  calyceal  surface  area  of  20.9µm2,  indicating  24.21% 
active  zone  coverage.  The  deaf  group,  at  P9,  had  total  active  zone  surface  area  of 
10.07µm2 over a calyceal surface area of 68.9µm2 resulting  in a 19.1% active zone 
coverage area. According to these values there is no significant difference in active 
zone  surface  area  between  normal  and  deaf mice  before  the  onset  of  hearing.  3D 
reconstruction  analysis  quantifies  the  apposition  area  of  synapses  on  the  calyx  of 
Held  apposed  to  the  principal  cell  soma  measured  24.4µm2.  Total  active  zone 
coverage on  the  calyx  of Held was 6.8%. This would  indicate  that  the  active  zone 
surface  area  decreases  during  development  from  approximately  20%  coverage  to 
7%  coverage  characteristic  of  synaptic  refinement  (Joshi  and  Wang  2002, 
Rodríguez‐Contreras  et  al.  2008).  However,  the  P9  group  was  analyzed  over  a 
partially reconstructed area whilst the adult active zone surface area was quantified 
over  the  entire  somatic  surface.  Whole  cell  reconstruction  analysis  of  P9  MNTB 
principal cells would confirm this finding.  
The  average  diameter  of  synaptic  vesicles  within  the  CBA/J  mouse  was 
measured  at  44.4nm  while  the  dn/dn  mouse  had  an  average  synaptic  vesicle 
diameter  of  47.1nm  with  no  significant  difference  between  the  two  populations. 
These  diameter measurements  are  in  agreement with  previous  studies  in  the  rat 
(42.3nm, Taschenberger et al. 2002 and 48nm, Satzler et al. 2002). These vesicles 
are  larger  than  other  central  nervous  system  terminals  measuring  between  30‐
35nm  (Schikorski  and  Stevens  1997).  Electron  dense  pre‐  and  post‐synaptic 
densities  defined  synaptic  specializations,  along with  a  thickening  of  the  synaptic 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cleft and aggregation of synaptic vesicles at the pre‐synaptic active zone (Figure 20). 
The post‐synaptic densities (PSD) extended further away from the membrane than 
the pre‐synaptic densities, while the length of the densities matched up. The number 
of  synapses within  the  calyx  of Held was 675 and was quantified by  counting  the 
number of synaptic specializations associated with synaptic vesicles apposed to the 
principal cell.  
 
 
 
Figure 20. Synaptic Specializations at the Calyx of Held. A number of synaptic specializations are 
expressed  at  the  calyx  of  Held  (C)  terminal  apposing  the  principal  cell  soma  (PC).  Active  zones, 
specialized  sites  of  transmitter  release  are  denoted  by  the  black  arrows  while  puncta  adherentia 
denoted by the white arrows. Scale=0.5µm.  
 
 
  Although  the  calyx  of  Held  is  primarily  axo‐somatic  there  were  synaptic 
specializations present on the dendrites of principal cells. These connections were 
evident  in  2D  sections  where  dendrites  were  observed  emanating  from  the  cell 
soma  (Figure 21). The presence of  release  sites on  the dendrites of principal  cells 
have  implications  on  processing  of  information  within  these  neurons,  namely, 
dendritic filtering, despite the fact that the large, axo‐somatic terminal contacts over 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40% of the somatic surface area. Since the dendritic arbors can extend hundreds of 
microns away  from the soma  the synaptology of  these structures cannot be easily 
identified. Inhibitory contacts have been seen to make axo‐dendritic contacts within 
the MNTB. In some cases a single terminal contacted multiple dendrites and also the 
soma.  Multiple  inhibitory  contacts  were  found  to  synapse  onto  a  single  dendrite 
indicating  a  large  inhibitory  influence  at  these  structures  (Figure  24.)  Questions 
arise from the presence of synaptic release sites on dendrites such as the origin of 
synaptic  contacts  and  the  percentage  of  excitatory  vs.  inhibitory  contacts  and  the 
effects on firing properties of the principal cells. 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Figure  21.  Dendritic  Contacts.  Although much  focus  has  been  on  the  axo‐somatic  contact  of  the 
calyx of Held to the principal cell soma, a number of dendritic contacts have also been observed. The 
dendrite  of  a principal  cell  extending  approximately 4µm away  from  the  soma  contains  a  synaptic 
contact (black arrow) from the calyx of Held. Scale=0.2µm.  
 
 
Puncta Adherentia 
Puncta adherentia (PA) were observed and defined by pre‐ and post‐synaptic 
densities  without  a  thickening  of  the  synaptic  cleft  and  an  absence  of  synaptic 
vesicles. PAs were distributed along the membrane of the calyx of Held apposing the 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soma interspersed between synaptic contacts. The close association of mitochondria 
at PA sites indicates the presence of mitochondrial associated adherens complexes 
(MACS). Described by Rowland et al. (2000) these specialized organelle assemblies 
consist  of  a  single  PA  and  associated  with  a  single mitochondrion  approximately 
200nm  in  distance  with  its  cristae  oriented  parallel  to  the  membrane  surface. 
Immediately adjacent to the mitochondria are electron dense mitochondrial plaques 
(MP)  parallel  to  the  membrane  (Figure  22).  Quantitative  measurements  of  these 
complexes include mitochondrial volume analysis and distance from the active zone 
to  the  center  of  the  mitochondria.    In  the  present  study  the  mitochondria  were 
found  to  reside  within  300nm  of  the  presynaptic  membrane  with  a  mean 
mitochondrial volume of 0.45µm2 in normal hearing animals. Since these complexes 
are thought to play a role in vesicle recycling (Rowland et al. 2000) it is important to 
identify  these  parameters  to  correlate  structural  components  with  release 
probability and quantal content within the calyx of Held. 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Figure  22.  Mitochondrial­Associated  Adherens  Complex.  Mitochondrial‐associated  adherens 
complexes  were  observed  at  both  stages  of  development  and  within  normal  and  deaf  mice.  The 
cristae  of  the mitochondria  are  characteristically  perpendicular  to  and  less  than  200nm  from  the 
membrane and apposed to puncta adherentia (white arrow). Electron dense plaques (black arrow) 
represent filaments tethering the mitochondria to the membrane. Scale=200nm. 
 
 
Deafness 
Changes in morphological features are a result of deafness, or an absence of 
afferent  input  within  the  dn/dn  mutant  mouse.  The  functionality  of  the  central 
auditory brainstem circuits  is  intact despite  the  lack of  afferent activity. This  is  in 
agreement with electrophysiology recording findings where there was no change in 
evoked or spontaneous EPSCs between within the MNTB in CBA/J and dn/dn mice 
during development (Leao 2004, Youssoufian 2005). Light microscopic examination 
using  DiI  staining  of  the  calyx  of  Held  shows  no  significant  change  in  size  or 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morphology  of  the  mature  calyx  between  normal  and  deaf  mice  (Youssoufian, 
2008).   
Development  from  P9  to  adulthood  within  the  dn/dn  mouse  was  seen  to 
have no obvious differences morphologically compared with the CBA/J controls. The 
principal  cells  exhibited  the  same  nuclear  envelope  invaginations  at  P9  and  later 
decreasing in number to a single, large invagination. The calyx of Held at P9 within 
the  dn/dn  mouse  was  characteristic  of  the  P9  control  exhibiting  a  cup‐like 
morphology and increase in interdigitation compared with the mature animals.  
 
Active Zone Apposition Area 
In the present study active zone area analysis between normal and deaf mice 
reveal a significant difference. Within the normal mice the average active zone area 
was quantified, 0.083µm2 (standard error= 0.007, n=56). In the dn/dn the average 
active zone area was calculated  to be 0.123µm2 (standard error= 0.011, n=45). T‐
test  analysis  reveals  that  these  two  populations  are  significantly  different  (p 
value=0.003)  and  that  the  mean  active  zone  area  within  the  dn/dn  mouse  is 
significantly greater compared with the controls (Table 1).  
 
Table  1.  Average  quantitative  active  zone  and  vesicle  pool  parameters  between  control 
(CBA/J) and deaf (dn/dn) mice. 
 
 
Active Zone 
(µm2) 
Number of 
Docked Vesicles 
Number of 
Vesicles Within 
150nm 
Total 
(RRP) 
CBA/J 0.083 7.7 33.8 41.5 
Dn/dn 0.123 12.2 52.6 64.7 
 
Note:  The  active  zone  surface  area  is  measured  in  microns  squared  (µm2).  The  numbers  of 
vesicles are averages rounded to the nearest tenth. 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Readily Releasable Vesicle Pool 
  Although  the  number  of  number  of  readily  releasable  vesicles  (docked  + 
vesicles within 150nm)  is greater  in  the dn/dn (64.7) compared with  the controls 
(41.5) and are statistically significant (P=0.004) these values are proportional to the 
active zone area (Table 1). It was found that single active zone areas within the deaf 
mice are in fact larger than the controls indicating more surface area for vesicles to 
physically  dock  and  prime  for  exocytosis.  The  ratio  of  active  zone  surface  area 
divided by  the number of  vesicles describes  the distribution of  vesicles per active 
zone.  Table  2  shows  the  distribution  of  vesicles;  docked, within  150nm  and  total 
readily releasable pool vesicles per active zone area. The number of docked vesicles 
within  the  control  group  had  a  ratio  of  0.0107  indicating  that  within  0.0107µm2 
there is one docked vesicle. In the deaf group the ratio was 0.0101, not statistically 
significant  from  the  control  group. Vesicles within  the 150nm radius of  the  active 
zone had a ratio of 0.0025 and 0.0023 for control and deaf groups respectively and 
both groups had a ratio of 0.0019 for the total readily releasable pool. This indicates 
that given the size differences of the two groups in active zone area the distribution 
of  vesicles  is  unchanged  and  that  the  difference  in  vesicle  pool  sizes  between  the 
two groups  is a product of  the  increase  in active zone area within  the deaf group. 
Figure 23  illustrates  the distribution of  release  sites along  the  calyceal membrane 
and aggregation of vesicle pools. 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Table 2. Ratio of active zone (surface area) to number of vesicles for docked vesicles, vesicles 
within 150nm and the total readily releasable pool (docked pool + 150nm pool).  
 
   
 
 
 
 
 
Note: Ratios are calculated from mean active zone area (µm2) and vesicle count values. 
 Docked 150nm 
Total 
RRP 
CBA/J 0.0107 0.0025 0.0019 
Dn/dn 0.0101 0.0023 0.0019 
  76 
 
 
 
 
Figure  23.  Synapse  3D  Reconstruction.  Two  renderings  of  the  calyx  of  Held  synaptic 
specializations. Top: The top images show a section of the calyceal membrane with the active zones 
represented  in blue  (left)  and vesicle distributions  (right)  of  docked vesicles  (yellow)  and vesicles 
within 150nm (pink). The bottom image is a larger, rotated view to visualize the fine structure of the 
active  zone.  Bottom:  Another  section  of  the  calyceal  membrane  with  labeled  active  zones  and 
vesicles. 
 
 
Puncta Adherentia 
   Puncta adherentia were classified by an electron dense thickening at the pre‐ 
and  post‐synaptic  membrane  where  no  synaptic  vesicles  were  associated  either 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docked or within 150nm. The surface area of puncta adherentia was not statistically 
different between the two groups. The mean single puncta adherentia surface area 
in the control group was 0.0339µm2 while the deaf group was 0.0238µm2.  
 
Inhibitory Contacts 
In between  the  fenestrations of  the calyx are a number of smaller contacts.  
Sections stained with antibodies against gephyrin,  the glycine  receptor scaffolding 
protein,  confirm  the  presence  of  inhibitory  synaptic  contacts  interdigitating  the 
calyx.    Three‐dimensional  reconstructions  show  that  the  inhibitory  contacts  are 
dispersed  throughout  the  entire  reconstructed  somatic  surface  area  juxtaposed  to 
the  calyx  of  Held  terminal.  These  reconstructions  were  merely  for  spatial 
visualization  and  the  parameters  were  not  quantified.  However,  two‐dimensional 
data  was  analyzed  quantitatively.  The  percent  coverage  area  was  calculated  by 
measuring  the  total  apposition  area  of  gephyrin‐IR  around  the  entire  somatic 
perimeter (multiplied by section thickness) divided by the surface area of the soma 
(somatic perimeter multiplied by section  thickness).   The mean  inhibitory percent 
coverage  for  control  mice  was  3.2%  (±1.8%)  while  the  deaf  mice  had  a  percent 
coverage of 5.4% (±1.0%), which was statistically significant (P=0.008).  Therefore, 
as predicted, the deaf mice had a greater inhibitory coverage area compared to the 
deaf. 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Figure 24. Inhibitory Contacts within the MNTB. Inhibitory contacts within the MNTB target both 
the principal  cell  soma and dendrites  (yellow). Top  right:  shows  a  single dendrite  apposed  to  two 
inhibitory  contacts  (IT,  red)  labeled with gephyrin  (arrows). Top  left:   A  single  inhibitory  terminal 
contacts  two  dendrites.  Bottom:  A  single  inhibitory  terminal  contacts  both  a  dendrite  and  the 
principal cell soma. 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V. Discussion 
MNTB Principal Cells 
It was long thought that the MNTB principal cells receive a single, excitatory input, 
the  calyx  of  Held.  However,  recent  studies  have  found  that  there  is  non‐calyceal, 
excitatory inputs  into the MNTB (Smith et al. 1991, Hamann et al. 2003) that have 
distinct  electrophysiological  characteristics  from  the  calyx.  In  the  present  study  a 
number  of  non‐calyceal  inputs  were  observed.  This  is  evident  through  the  large 
areas  of  unlabeled  areas  of  the  partial  reconstruction  (Figure  25).  Single  electron 
micrograph images show that the entire principal cell soma is apposed to terminals 
of  some  kind  (Figure  12) whether  it  is  calyceal,  inhibitory  or  excitatory  and  non‐
calyceal.  These  terminals  contained  spherical  vesicles  characteristic  of  excitatory 
terminals and were not associated to the calyceal terminal. The origin of these non‐
calyceal  terminals  are  unknown  but  are  thought  to  emanate  from  the  spherical 
bushy  cells  of  the  AVCN.  These  terminals  were  also  considered  to  be  calyceal 
collaterals  from neighboring principal  cells,  but  the electrophysiological data does 
not  support  this assumption  (Hamann et al. 2003).   Kuwabara et al.  (1991)  found 
that  the most  consistent  non‐calyceal  input  arose  from  the  VNTB  but  projections 
from the DMPO, VMPO and VPO were observed in rodent brainstem sections stained 
with Lucifer yellow and horseradish peroxidase. The fact that these terminals exist 
presents  greater  difficulty  when  interpreting  electrophysiological  data  but  also 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reinforces  the  importance  of  serial  electron  microscopy  for  accurate  calyceal 
volume measurements. Additionally, the use of VGluT1 (Figure 16) shows a number 
of  unlabeled  terminals  containing  spherical  vesicles.  Although  dual 
immunohistochemistry  with  gephyrin  would  confirm  that  these  terminals  are 
excitatory,  it  is  evident  through  vesicle morphology  that  these  do  not  contain  the 
characteristic  flattened  vesicles  present  in  inhibitory  terminals.  These  terminals 
were  not  labeled  with  VGluT1,  however  antibodies  against  different  vesicular 
glutamate  transporter  protein  epitopes  exist;  VGluT2  and  VGluT3,  in which  these 
non‐calyceal terminals may express.  
 
 
Figure 25. Partial Cell 3D Reconstruction. The calyx of Held (yellow) envelopes ~40% of principal 
cell  soma  (not  shown).  Gephyrin‐IR  (blue)  labels  inhibitory  contacts  (grey)  apposed  to  the  soma, 
interspersed between the calyceal fenestrations.  
 
Nuclear Envelope Invaginations 
Nuclear  envelope  invaginations  have  been  observed  in  various  nerve  cells 
such as spinal ganglion cells,  thalamic neurons, regions  including, Clarke’s column, 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nucleus coeruleus and the cerebral cortex and the nucleus of the trapezoid body in 
the  rabbit  (Hsiang‐Tung  1966).  In  the  present  study  nuclear  envelope 
invanginations were present in both the deaf and control groups. These structures 
have been suggested to play a role in nucleocytoplasmic transport (Bourgeois et al. 
1979).  It  is  in  this  way  that  the  nuclear  envelope  increases  surface  area  so  to 
increase  transport  efficiency  between  the  nucleoplasm  and  cytoplasm.  For  this 
reason, nuclear envelope invaginations have been seen in highly metabolizing cells 
(Clark  et  al.  1990).  Nuclear  pores  are  also  more  numerous  at  the  invaginations 
(Peters  and  Palay,  1976)  confirming  their  role  in  nucleoplasmic‐cytoplasmic 
transport. The invaginations present on the principal cells are indicative of the high 
metabolism  that  principal  cells  must  undergo  such  as  receptor  trafficking, 
specifically during high frequency stimulation.  
 
Cajal Bodies 
  The presence of Cajal  bodies within  the MNTB principal  cells  has not  been 
previously  described.  These  structures  are  involved  in  post‐transcriptional 
modification  of  snRNAs  and  therefore  are  integral  in  maintaining  vital  protein 
concentrations  required  for  these  highly  metabolic  neurons.  Cremer  and  Cremer 
(2001) found that Cajal bodies measure between 0.1‐2.0 µm with an expression of 
up  to  5  bodies  per  nucleus  in mammalian  cells.  Berciano  et  al.  (2006) measured 
upwards of 20 bodies in larger sized dorsal root ganglia (DRG) neurons and found 
that  the  number  of  Cajal  bodies  is  correlated  to  cell  body  volume.  In  the  present 
study  up  to  three  Cajal  bodies  have  been  observed.  These  structures  were  more 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prominent within  younger  animals  (P9).  A  detailed  quantitative  analysis  of  these 
structures  is  required  to  further  assess  the  role  of  Cajal  bodies  in  principal  cell 
physiology.    This  includes  defining  Cajal  bodies  from  the  nucleolus  by 
immunohistochemical  staining  with  coilin,  a  structural  protein  involved  in 
attachment of Cajal bodies to the nucleolus.  
 
Deafness 
Increased active zone apposition area in dn/dn mice 
  Three‐dimensional active zone measurements  indicate  that  the dn/dn mice 
had a greater active zone area compared to the CBA/J mice. A larger active zone area 
within  the dn/dn mice would result  in greater evoked currents, however  this was 
not  observed  electrophysiologically.  This  increase  in  active  zone  area  is  a  novel 
finding  since  previous  literature  indicated  that  there  were  no  changes  in 
glutamatergic  transmission within  the  calyx  of Held  synapse between normal  and 
deaf  mice  (Leao  2004,  Youssoufian  2005).    Morphological  studies  measuring  the 
volume of calyces during development between normal and deaf mice also showed 
no  change.  If  the  active  zone  areas  within  deaf  mice  are  larger  but  there  are  no 
physiological  changes  in  synaptic  strength  through  miniature  and  evoked 
electrophysiological  studies  then  there  must  be  a  compensatory  mechanism 
maintaining activity within the calyx of Held synapse.  
The post‐synaptic response  is  influenced by presynaptic  factors such as the 
total number of quanta released, a product of the amount of transmitter in a single 
vesicle and the number of vesicles released. An increase in active zone area, and in 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turn  number  of  readily  releasable  pool  vesicles,  within  the  deaf  mouse  with  no 
change in the evoked response would suggest a change in vesicle content. However, 
there  is  no  indication  that  the  amount  of  neurotransmitter within  a  vesicle  at  the 
calyx of Held differs between normal and deaf conditions due to the fact there were 
no changes in mEPSC amplitude (Leao et al. 2004, Youssoufian et al. 2005).   
The dn/dn group was not  reconstructed at  the whole  cell  level  to  compare 
the total percent coverage of active zone apposition. By measuring the total surface 
area  of  the  active  zones  and  comparing  the  values  to  the  control would  show  the 
difference,  or  unchanged,  area  available  for  vesicle  release.  Since  there  is  no 
electrophysiological change between the dn/dn and control mouse it is possible that 
the increase in active zone area of dn/dn mice is a result of a decrease in the number 
of  functional  active  zones.  In  other  words,  the  larger  active  zone  area  could  be 
compensating  for  a  decrease  in  the  number  of  active  zones,  which  could  be 
significantly  less  in  dn/dn  mice.  Taschenberger  et  al.  (2002)  found  that  during 
development  the number of active zones within younger animals was smaller, but 
the  mean  active  zone  area  was  larger.  A  detailed  analysis  of  whole  cell 
reconstructions  of  the  dn/dn  adult MNTB  principal  cell  and  its  apposing  calyx  of 
Held would be needed to confirm this theory.  
In order for synaptic transmission to occur, the calcium within the synaptic 
terminal must be maintained at a low concentration (~50nM) so that upon calcium 
influx  transmitter  release  can  occur.  Calcium  uncaging  studies  demonstrate  that 
local Ca2+ concentration at the synapse of 10‐20µM is sufficient to evoke transmitter 
release  comparable  to  action  potential  evoked  release  (Bollmann  et  al.  2000, 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Schneggenburger and Neher 2003). The cooperative relationship between calcium 
and transmitter release allows for efficient exocytosis upon calcium influx. Studies 
have calculated that Ca2+ cooperativity at the calyx of Held is around 3‐4 and more 
than  10  Ca2+  channels  are  needed  to  elicit  release  of  a  single  synaptic  vesicle 
(Meinrenken et al. 2002).  Since the active zone areas within the deaf mice are larger 
without  an  increase  in  the  post‐synaptic  response  it  is  possible  that  calcium may 
play  a  role  in  regulating  release  thereby  decreasing  effective  release  at  a  single 
synaptic site. Leao et al.  (2004)  found no change  in Ca2+ currents between normal 
and deaf mice indicating no change in Ca2+ channel expression. However, a host of 
calcium  binding  proteins  within  the  MNTB  help  maintain  the  low  basal  calcium 
concentration  specifically  parvalbumin within  the  calyx  of Held.  Parvalbumin was 
shown  to  accelerate  Ca2+  decay  (Muller  et  al.  2007)  so  that  after  AP  firing  the 
internal  calyceal  Ca2+  concentration  would  be  maintained  and  responsive  to 
subsequent action potentials maintaining transmission at this high fidelity synapse. 
It is possible that the deaf mouse may have impaired calcium buffering which would 
thereby decrease synaptic transmission and the post‐synaptic response. It would be 
in  this  way  that  the  decrease  in  calcium  buffering  or  a  decrease  in  synaptic 
transmission is compensated by an increase in the active zone area or enhancement 
of the pre‐synaptic machinery available for release.   
  The  post‐synaptic  response  is  a  measure  of  current  elicited  by  the  post‐
synaptic  receptors  in  response  to  neurotransmission.  If  a  greater  amount  of 
receptors  are  activated  then  the EPSC  is  larger.  In  the dn/dn mouse  an  increased 
active  zone  area would  indicate  an  increase  in  post‐synaptic  receptor  expression. 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However,  ultrastructural  analysis  shows  no  change  in  the  postsynaptic  densities 
between  normal  and  deaf  mice.  In  other  words  the  post‐synaptic  density  is 
qualitatively equal to the pre‐synaptic density (Figure 10). Additionally, Youssoufian 
et al. (2005) showed no change in the expression of AMPA receptor subunits: GluR1, 
GluR2, GluR2/3 and GluR4.  
  Finally,  the  change  in  active  zone  area,  which  is  presumed  to  have  an 
increasing  affect  on  synaptic  transmission,  can  be  compensated  by  an  increase  in 
soma  size. Within  the  deaf mouse  the  somatic  volume  of  the MNTB  principal  cell 
would have  to be  significantly  larger  so  that  the post‐synaptic  response would be 
effectively  decreased.  During  ion  exchange  membrane  depolarization  would 
decrease as the volume of the soma increased. This is influenced by the intracellular 
and extracellular gradients and  the ability of post‐synaptic receptors  to effectively 
depolarize  the  membrane  and  elicit  an  action  potential.    Increases  in  soma  size 
would therefore require greater amounts of  ion exchange to handle an  increase  in 
membrane  surface  area.  It  is  possible  that  the  dn/dn  mice  may  have  increased 
somatic surface area and volume to compensate for the increased active zone area 
thereby maintaining normal activity at this synapse.  
 
Active Zone Area and Synaptic Vesicle Population 
The  mean  active  zone  area  was  found  to  be  greater  within  deaf  mice 
(0.123µm2) compared to  the controls  (0.083µm2). On average  the deaf mice had a 
greater number of readily releasable pool vesicles (Table 1); however, when taking 
the greater active zone area within the deaf mice into account the number of readily 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releasable pool vesicles are proportional to active zone area. The deaf group had a 
greater  number  of  readily  releasable  pool  vesicles  due  to  the  fact  that  the  active 
zone  surface  areas were  larger  compared  to  the  controls.  Plotting  the  number  of 
vesicles  within  the  readily  releasable  pool  by  the  active  zone  area  illustrates  the 
relationship  between  the  two  values.  Nonlinear  regression  analysis  (Figure  26) 
shows that the control group had an R2 value of 93.3% and the deaf group had an R2 
squared  value  of  94.0%.    The  same  analysis  was  performed  on  the  number  of 
docked vesicles  resulting  in an R2 value of 81.1%  in  controls and 91.7%  in dn/dn 
mice.  This  indicates  that  there  is  no  change  between  the  two  groups  in  terms  of 
vesicle quantity with respect to active zone area. Therefore there is no change in the 
fundamental mechanisms involved in active zone targeting and docking of synaptic 
vesicles within the calyx of Held. 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Figure 26. Number of Vesicles Per Active Zone Area. Top: Comparison of  the number of docked 
vesicles  to  active  zone  area  (µm2).  Bottom:  Comparison  of  the  number  of  readily  releasable  pool 
vesicles  to active zone area. There was no significant difference  in  the distribution of vesicle pools 
with respect to active zone area between normal and dn/dn mice.  
 
 
Increased Gephyrin­IR apposition area in dn/dn mice  
  In  agreement  with  previous  electrophysiological  findings  (Leao  2004),  the 
dn/dn  group  had  a  greater  apposition  area  of  gephyrin  immunoreactivity  to  the 
principal cell soma. In this study the area measured is the gephyrin‐IR product using 
DAB  and  silver  intensification  preparations.  The  resulting  post‐synaptic  electron 
dense staining at inhibitory terminals is an amplified product and does not delineate 
  88 
the  inhibitory  terminal  active  zone.  Therefore,  DAB  staining  and  silver 
intensification products cannot be used to quantify  the active zone surface area of 
inhibitory terminals.  In this study the amplified immunoreactive product was used 
to compare percent coverage of inhibitory terminal active zones. Since both groups, 
normal  and deaf, were processed using  the  same method,  it  is  assumed  that  both 
groups have identical amplification of gephyrin and therefore be used to accurately 
assess differences between the two groups.  
  Leao et al. (2004) measured the miniature inhibitory post‐synaptic currents 
(mIPSC)  in  normal  and  deaf mice  finding  an  decrease  in mean  current  amplitude 
(60%)  and  an  increase  in mean  current  frequency  (53%).  Furthermore,  gephyrin 
immunofluorescence  confirmed an  increase  in  the number of  gephyrin‐IR  clusters 
(30%) in dn/dn mice indicating more inhibitory sites in the deaf group. The percent 
coverage  of  gephyrin‐IR  terminals  measured  with  respect  to  somatic  perimeter 
confirms  the  increased  apposition  area  of  inhibitory  terminals  apposed  to  the 
principal cells at the electron level. The increase in gephyrin‐IR area would cause an 
increase in evoked currents; however no experimental data are available since the 
origin of these inhibitory contacts is yet to be identified. The increase in mIPSC is an 
indication of 1) an increase the quantal content of inhibitory vesicles and/or 2) an 
increase  in  the  post‐synaptic  receptor  response.  Gephyrin  is  a  scaffolding  protein 
localized at inhibitory synaptic specializations (Alvarez et al. 1997) so the increase 
in  gephyrin  would  indicate  an  increase  in  receptor  expression  adjacent  to  the 
inhibitory  active  zone.  The  increase  in  frequency  and  decrease  in  amplitude  is 
thought  to  be  a  compensatory mechanism where  by  inhibitory  terminals may  be 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dysfunctional  accounting  for  the  decreased  mIPSC  amplitude  through  vesicle 
content  or  changes  in post‐synaptic  receptor properties. By  increasing  the overall 
surface area the probability of release increases, resulting in the higher mean mIPSC 
frequencies. 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Figure 27. Gephyrin Immunoreactivity at the Principal Cell. A) Confocal image of MNTB principal 
cells (Nissl) and expression of gephyrin‐IR (red, CY3) from a normal hearing mouse. B) Same labeling 
as panel A from a dn/dn mouse. Note the difference in gephyrin‐IR between normal and deaf, where 
expression  increases  within  the  deaf.  C)  GlyT2  expression  (red,  CY3)  and  gephyrin  (green,  FITC) 
colocalization within the control and D) deaf. E and F) High magnification micrographs of gephyrin‐
IR.  Inhibitory  terminals  are  DAB  labeled  (IT)  with  gephyrin,  the  inhibitory  receptor  scaffolding 
protein  (arrows).  Flattened  vesicles  are  characteristic  of  inhibitory  terminals  and  used  to  confirm 
immunostaining and characterization of these terminals. 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Quantal Estimations 
Estimations using mean variance analysis, fluctuation analysis, and summing 
of  EPSC  peak  amplitudes  have  provided  highly  variable  Figures  for  quantal  size, 
release probability, number of active zones and readily  releasable pool  size at  the 
calyx  of Held. Different models  of  quantal  transmission have  various  assumptions 
associated with  each analytical method of  estimation.  In  this  study  the number of 
active  zones  and  vesicle  pool  properties  has  been  assessed  using  quantitative 
ultrastructural  analysis.  The  information  provides  a  detailed  analysis  of  the 
structural components, which can then be correlated to the functional attributes of 
quantal synaptic transmission at the calyx of Held synapse.  
Previous  studies  have  estimated  the  number  of  functional  active  sites  by 
summing  peak  EPSC  amplitudes  at  the  calyx  of  Held  and  varied  between  species. 
Oleskevich  and  Walmsley  (2004)  calculated  an  N  of  ~100  in  CBA/J  mice  while 
Meyer et al. (2001) estimated ~640 release sites using EPSC fluctuation analysis in 
wistar  rats. This discrepancy  in  release  sites  can be attributed  to  the definition of 
the  term  “N.”  In  terms  of  functionality  N  can  refer  to  the  number  of  functional 
release sites and morphologically can refer to synaptic specializations. In this study 
the  number  of  release  sites  within  the  normal,  adult  calyx  of  Held  was  675 
(visualized  in  Figure  28,  middle),  in  agreement  with  previous  anatomical  studies 
that have quantified the number of synaptic specializations, specifically active zones 
and  not  puncta  adherentia,  within  the  calyceal  synapse.  Sätzler  et  al.  (2002) 
quantified N to be 554 in the rat. Partial reconstructions of the rat calyx were used 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to  estimate  the  number  of  active  zones  in  P5  (300)  and  P14  (680)  animals 
(Taschenberger et al. 2002). They showed that during development the number of 
active  zones  increases,  however  the  surface  area  of  the  active  zone  is  greater  in 
younger animals. Additionally there were twice as many docked vesicles per active 
zone.  Although  N  can  have  implications  on  a  synapses’  ability  to  transmit 
information  the  size  of  the  active  zone  and  subsequently  the  number  of  docked 
vesicles must also be taken into account.  
 
Figure 28. Whole Cell 3D Reconstruction. Top: The principal  cell  soma  is  represented  in  yellow 
and the calyx of Held is shown in green. Center: The two images on the left are views of the calyceal 
synaptic contacts (blue) and on the right are visualized on the somatic membrane‐apposing surface 
of the calyx (shown in pink). Bottom: Principal cell soma (yellow) with apposing calyceal active zones 
(blue). 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VI. Conclusions 
  The  calyx  of  Held  synapse  is  a  desirable  model  for  synaptic  transmission 
studies  due  to  its  large  size  and  accessibility.  Electrophysiological  studies  have 
demonstrated the use of this model in determining quantal components of synaptic 
transmission.  Concurrent  anatomical  studies  have  also  provided  valuable 
information regarding  the morphology and subcellular components of  the calyx of 
Held  and  the  MNTB  principal  cell.  In  this  study  two  structurally  identified 
components  of  highly  metabolizing  cells  were  observed,  nuclear  envelope 
invaginations and the presence of Cajal bodies within the nucleus. These structures 
are  indicative  of  the  high  metabolic  processes  that  these  neurons  must  undergo 
during  high  frequency  stimulation  within  the  timing  pathway  of  the  auditory 
brainstem. Furthermore,  anatomical  changes between normal  and deaf mice were 
observed  without  a  change  in  overall  physiology  indicating  homeostatic 
mechanisms  at  this  synapse  in  response  to  altered  input.  The  active  zones  at  the 
calyx of Held in dn/dn mouse had a significantly larger mean surface area. Although 
the number of  readily releasable pool vesicles also  increased within deaf mice  the 
ratio  of  the  number  of  vesicles  to  active  zone  area  indicated  that  the  readily 
releasable pool remained the same and the increase in population was a function of 
active  zone  area.  Therefore,  an  increase  in  the  readily  releasable  pool  was  not 
significantly  different  within  the  dn/dn  mice  when  considering  the  increase  in 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active zone area. Because  there was no electrophysiological  change accompanying 
this  increase  in  active  zone  area  within  deaf  mice,  the  following  mechanisms 
possible  underlying  this  phenomenon  were  discussed;  a  decrease  in  total  active 
zone area, changes in Ca2+ buffering and an increase in somatic surface area. Finally, 
the  dn/dn  group  exhibited  a  greater  percent  coverage  of  gephyrin‐IR  at  the  post‐
synaptic  membrane  of  principal  cells  indicating  a  greater  apposition  area  of 
inhibitory terminals in agreement with electrophysiological data.  
 
Physiological Implications of Anatomical Findings  
  Using electrophysiological approaches, no significant changes in the strength 
of  calyceal  transmission  have  been  observed  between  normal  and  deaf  mice 
(Youssoufian et al. 2005, Youssoufian et al. 2008), despite the altered activity in the 
circuit  and  in  contrast  to  the  changes  seen  in  endbulb  transmission mechanisms. 
This  could  be  a  result  of  the  dramatic  changes  seen  at  the  endbulbs  of  Held 
(Oleskevich and Walmsley 2002) where evoked excitatory transmission increases as 
a result of an absence of input.  The change at the endbulbs of Held may be sufficient 
enough to maintain normal  firing patterns downstream within dn/dn mice so that 
physiologically  transmission  at  calyx  of  Held  is maintained.    However,  within  the 
deaf mouse  afferent  input  is  completely  absent  resulting  in  stronger,  yet  inactive 
endbulb  synapses.  The  excitability  of  the  bushy  cells  could  also  affected  by  the 
absence of afferent input, which would further affect downstream activity.  Desai et 
al. (1999) found that application of TTX in cultured visual cortex neurons results in 
an  increase  in  cell  excitability. This  could be  the case within  the cochlear nucleus, 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which receives many  “small  synaptic  inputs”  in addition  to  the primary excitatory 
inputs from the endbulbs of Held (Frisina and Walton 2001). These smaller  inputs 
were  seen  to  be  of  both  cochlear  and  non‐cochlear  origin  (Ostepoff  and  Morest 
1991) such as the periolivary nucleus, the lateral  leminscus, and inferior colliculus 
(Adams  1983,  Elverland  1977,  Kane  1977,  Kane  and  Conlee  1979,  Cant  1991, 
Convey et al. 1984, Spangler et al. 1987, Winter et al. 1989).  
Although  the  calyx  of  Held  demonstrated  no  change  in  evoked  glutamate 
transmission between normal and dn/dn mice, our results indicate that there was a 
significant  increase  in  mean  active  zone  area  within  the  dn/dn  mice.    This 
anatomical result might be predicted to express as a change (an increase) in overall 
synaptic  strength,  contrary  to  the  electrophysiological  findings.  However,  many 
other  factors  influence synaptic strength. As discussed above  this change  in  “n” or 
the  number  of  release  sites  can  be  compensated  physiologically  by  a  number  of 
factors such as total active zone surface area, Ca2+ binding, and principal cell soma 
size. The calyx of Held terminal has been shown to exhibit high release probability 
in both normal and deaf mice of around 0.8 (Youssoufian et al. 2005). Since release 
probability  is  very  high  at  this  synapse  it  may  be  difficult  to  increase  it  further.  
However,  another  factor  that  could  influence  (increase)  synaptic  strength  is  an 
increase  in  the  number  of  vesicles  available  for  release  upon  action  potential 
invasion. As demonstrated in this study the number of docked vesicles and vesicles 
within 150nm did  in  fact  increase  and  that  this  rise  in  the  vesicle  population  is  a 
result of active zone hypertrophy. Therefore, the present anatomical results present 
an  interesting  mismatch  between  physiological  studies  and  ultrastructural 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characteristics of  the synapses.  It  is possible  that  the mismatches reflect  the small 
sample sizes (both electrophysiology and anatomy), or the possible heterogeneity of 
synapses  in  the  MNTB,  or  other  compensatory  mechanisms  present  in  calyceal 
terminals.  
Our  anatomical  data  suggest  that  inhibitory  connections  within  the  MNTB 
are increased in number in deaf mice as a result of altered input. This is consistent 
with observations that the frequency of mIPSCs is increased (Leao et al. 2004) and 
suggests  that  inhibitory  and  excitatory  inputs  are  both  highly  regulated  in 
conditions of altered activity. Although the source of the inhibitory synapses is not 
known  for  certain,  Green  and  Sanes  (2005)  found  that  the  MNTB  principal  cells 
were  inhibited  by  ipsilateral  sound  originating  at  the  cochlear  nucleus.  Possible 
additional  sources  of  inhibitory  contacts  include  the  descending  pathways 
originating  from  the  superior  olivary  complex  and  periolivary  nuclei  sending 
inhibitory contacts onto the ventral cochlear nucleus (Shore et al 1991, Ostapoff et 
al. 1997). Schofield (1994) found that the MNTB sends inhibitory connections to the 
ipsilateral cochlear nucleus possibly mediating inhibition to the contralateral MNTB 
nuclei.  It  is  possible  that  the  observed  increase  in  inhibitory  transmission,  from 
whatever source,  is  indicative of homeostatic  feedback  loops where an  increase  in 
activity  produces  an  increase  in  inhibition  to  effectively  reduce  firing.  If  these 
inhibitory  inputs  originate  from  the  cochlear  nucleus,  where  evoked  excitatory 
transmission  increases  due  to  the  elimination  of  afferent  input,  it  is  possible  that 
inhibition to the MNTB would increase as a result of heightened activity or possibly 
a  change  in  competition  between  excitatory  and  inhibitory  inputs.  However,  the 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source  of  these  inhibitory  contacts  has  not  been  classified  anatomically  and  this 
information is needed to further determine the role of inhibitory contacts within the 
MNTB nuclei. 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